Assessment of Adverse Events

Definitions
As defined by the US Food and Drug Administration (FDA), any undesirable experience associated with the use of a medication is an adverse event. Thus, an adverse event is not necessarily caused by the medication. When caused by the medication, these undesirable experiences are called adverse effects or adverse drug reactions.
Adverse events in a clinical trial are a combination of events that are purely subjective, have subjective and objective components, or are solely objective, such as an increase in blood pressure or an increased risk of newly diagnosed diabetes mellitus. There is no universally accepted method for capturing subjective adverse events. 16 Typically, trialists ask an open-ended question at every clinic visit, such as "Have you had any health problems since your last visit?" In some cases, trialists also ask about a specific symptom or set of symptoms.
Tolerability refers to the degree to which adverse effects of a medication can be endured. Intolerance refers to the inability to tolerate a treatment at any recommended dose, whether or not the symptoms are related to the pharmacological properties of the drug. Most clinical trials report the numbers of patients stopping the study medication because of any adverse event. The difference between the test agent and placebo is a good measure of the overall tolerability of the agent, provided that the blind remains secure throughout the trial.
Randomized Controlled Trials
In the evaluation of the safety of a drug used long term, the most reliable data are derived from properly designed and conducted large, long-term, double-blind, placebo-controlled randomized trials. [17] [18] [19] The great advantage of this form of investigation is that bias is controlled by random allocation to treatment. There can still be random error, and sometimes other issues within the control of the investigator such as inadequate follow-up or ineffective blinding, but in a well-planned and executed RCT, the results are determined solely by allocation to the test treatment or the control. [17] [18] [19] Most statin RCTs, especially the largest of such trials, were designed primarily to evaluate efficacy in a variety of clinical situations, but they have also generated a large amount of data on safety and tolerability, reported either in the primary publication or secondary articles. RCTs are often referred to by their acronyms. These and the corresponding complete study names are provided in online Appendix 1.
needed to rely on observational data for a minority of potential adverse events. For example, when an adverse event was too rare for more than a small number of cases to occur in even the largest available RCT or meta-analysis, observational data were analyzed. Observational studies with a control group, including cohort studies, case-control studies, registry studies, and cross-sectional surveys, are less reliable than RCTs for assessment of causality because of potential biases inherent in these studies 17, 19, 20 but can be useful in situations where there is a high excess risk (a hazard ratio [HR] too high to be attributed to unmeasured confounding) in the population exposed to the medication. This usually implies a low risk in the population not exposed to the medication. 20 Controlled observational studies can be performed much more quickly and cheaply than RCTs, and in some cases, the HR for a particular adverse effect is so large that it cannot be reasonably attributed to bias. 21 The relationship between tobacco and lung cancer is a good example in which causality could be established because of the HR >10 comparing lung cancer mortality in lifelong smokers versus never-smokers (after accounting for known confounders). 22 In this situation, there is no need for an RCT, which would have been both impractical and unethical. This was also the paradigm that led to the withdrawal of cerivastatin from the market in 2001, 15 after pharmacovigilance data showed that the risk of rhabdomyolysis was much higher than with any other statin.
When adverse events have a very low idiopathic frequency in the general population, case reports can be of value. Case reports have the advantages of minimal cost and effort and can identify a potential serious adverse effect more quickly than other methods. Rhabdomyolysis caused by statins (see 2.1. Muscle) was discovered through case reports, not clinical trials, because statin-induced rhabdomyolysis is rare, but the background rate of idiopathic rhabdomyolysis is rarer still. 23 There are occasional specific situations in which RCTs are not ethical or are impractical. For example, as discussed in 4.4. Pregnancy and Breastfeeding, there has long been a suspicion, but no definite evidence, that statins increase the risk of congenital abnormalities. An RCT of a statin in early pregnancy would be both impractical and ethically indefensible, although possible in late pregnancy. This scientific statement therefore relies mainly on nonrandomized prospective cohort studies to reach its conclusions about statins in pregnancy.
In addition to the peer-reviewed literature, this scientific statement makes use of the prescribing information for statins and drugs that interact with statins. Drug interactions can appear in product labeling before the published literature, particularly if the interaction is revealed by case reports received by regulatory agencies or manufacturers before a pharmacokinetic study is performed.
The prescribing information might be less useful for evaluating adverse effects, with the exception of the "Warnings and Precautions" section. There are often long lists of adverse events, particularly in the "Post-marketing Experience" section, which are reports of an adverse event that occurred during treatment, regardless of causality. There might also be tables of adverse events that occurred in clinical trials, without information on whether the frequency of any of these was significantly different from placebo or other control agent.
In summary, this scientific statement reviews both randomized and observational data. Decisions about causality rely primarily on RCTs, with some exceptions. Our focus on RCTs for the assessment of statin-associated adverse events is consistent with a 2016 review 19 on the interpretation of evidence for statin efficacy and safety.
Adverse Events
Muscle
Myopathy and Rhabdomyolysis
The terminology used to describe muscle adverse effects of statins varies among authors, clinical trials, and consensus groups. 24 The terminology used in this statement is provided in Table 1 . The original definition of statin-induced myopathy, 25 accepted by the FDA and specified in the current prescribing information for all statins that provide a definition, is unexplained muscle pain or weakness accompanied by a creatine kinase (CK) concentration >10 times the upper limit of normal (ULN); that is the terminology used here and in many previous reviews. Statin-induced rhabdomyolysis is a severe form of myopathy without a consistent definition, but with CK typically >40 times the ULN, which usually requires hospitalization, because muscle fiber necrosis results in myoglobinuria that can cause acute renal failure.
Some laboratories do not provide CK normal ranges for men and women separately. However, the ULN is substantially lower for women, presumably because of their smaller muscle mass. In a cohort of 1016 people all 70 years of age in Uppsala, Sweden, Carlsson et al 26 found that the ULN for men was 4.98 microkatals per liter (298 U/L), compared with 3.01 microkatals per liter (180 U/L) for women. This should be taken into account when interpreting CK values. In addition, CK values are considerably higher in people of African ancestry than in whites, especially when men ≤55 years of age are compared. 27 Median CK in black women appears to be comparable to that of white men, whereas median CK in black men up to the age of 55 years is close to twice as high as in black women.
Rhabdomyolysis during statin treatment was first reported in cardiac transplantation patients taking lovastatin with concomitant cyclosporine. 28 , 29 The increased risk of myopathy caused by the interaction between cyclosporine and lovastatin was quickly recognized (see 3. Drug-Drug Interactions). 30 A less severe case that met the definition of myopathy, without concomitant cyclosporine, was detected at about the same time during the course of a phase III study with lovastatin. 31 These cases were unexpected because animal safety studies had not indicated myotoxicity, although subsequent investigations showed that myopathy could be readily produced in the cyclosporine-treated rat. 32 Few drugs have adverse effects on skeletal muscle, but all statins can cause myopathy. These muscle symptoms are typically bilateral and symmetrical and always confined to skeletal muscle. 33, 34 Cardiomyopathy has never been associated with any statin, and in the 2 major trials of statin therapy in participants with heart failure, statins did not lead to symptomatic worsening of the condition or any increase in hospitalization. 35, 36 The excess risk of myopathy relative to placebo is <0.1% in large long-term RCTs with all currently marketed statins at up to maximum recommended doses. [37] [38] [39] The risk is greatest in the first year of therapy 40 and after a dose increase or the addition of an interacting drug. The risk of rhabdomyolysis is ≈0.01%
4 and is potentially preventable by prompt cessation of statin treatment. In a retrospective cohort study, Graham et al 23 searched the hospital records of >250 000 statin users and identified 24 patients who had been admitted to the hospital for rhabdomyolysis. For the statins most commonly used at the time of the study (atorvastatin, simvastatin, and pravastatin), the rate of hospitalization because of rhabdomyolysis was estimated as 0.44 per 10 000 patient-years (95% CI, 0.20-0.84) when used as monotherapy and 5.98 per 10 000 patient-years (95% CI, 0.72-216.0) when used together with a fibrate (predominantly gemfibrozil; see 3. Drug-Drug Interactions). Later studies have established that gemfibrozil has a pharmacokinetic interaction with all statins that is not shared by fenofibrate (see 3. Drug-Drug Interactions). Consequently, gemfibrozil is rarely used today, whereas there is little if any risk of myopathy/rhabdomyolysis using fenofibrate alone 41 or when adding it to a statin. 42 Nevertheless, the fenofibrate prescribing information recommends caution when using it alone or with a statin. As is the case for most drug adverse effects, the incidence of myopathy combined with the rarer rhabdomyolysis tends to increase with statin dose. This holds true for lovastatin, simvastatin, pravastatin, rosuvastatin, and pitavastatin, as well as cerivastatin, which was removed from the market in 2001. A clear dose-response relationship for myopathy has not been demonstrated with atorvastatin 43 or fluvastatin. 44 A meta-analysis of pooled individual patient data from early clinical trials of atorvastatin, as well as a cardiovascular outcome trial, comparing the lowest (10 mg) and highest (80 mg) doses of atorvastatin found no significant differences in the incidence of myopathy/rhabdomyolysis, which was well below 0.1% with both doses. 43, 45 In the EXCEL (Expanded Clinical Evaluation of Lovastatin) RCT, 46 8245 patients were randomized to 5 equal groups for 48 weeks: placebo or lovastatin 20 mg once daily, 20 mg twice daily, 40 mg once daily, or 40 mg twice daily. There were 5 cases of myopathy, 1 in the 40-mg once-daily group and 4 in the 40-mg twice-daily group. (One of the 5 patients had preexisting chronic myalgia, and another engaged in regular strenuous exercise; both were able to continue taking lovastatin to the end of the study.) For simvastatin, the original dose range was 5 to 40 mg once daily, later extended to 80 mg once daily. The incidence of myopathy/rhabdomyolysis in the 5-year HPS (Heart Protection Study) RCT, which compared simvastatin 40 mg/d and placebo in 20 536 participants, was <0.1% in the simvastatin group. 47 With simvastatin 80 mg, however, a large RCT (SEARCH [Study of the Effectiveness of Additional Reductions in Cholesterol and Homocysteine]) in 12 064 participants followed up for a mean of 6.7 years showed that the risk of myopathy/rhabdomyolysis was unacceptably high at ≈0.9% for simvastatin 80 mg compared with 0.02% on simvastatin 20 mg. 40 The 80-mg dose of simvastatin is still available for very limited prescription but not recommended except for patients who have taken simvastatin 80 mg/d uneventfully for at least 12 months. Thus, the recommended simvastatin dosage range has reverted to the original 5 to 40 mg once daily.
The dosage range of rosuvastatin is 5 to 40 mg once daily. The manufacturer sought approval for an original dosage of 5 to 80 mg, but the FDA and other regulatory agencies determined that the 1% risk of myopathy with rosuvastatin 80 mg was too great to support approval of that dose. 48 For pitavastatin, the approved dosage range is 1 to 4 mg, although in phase II clinical studies, the drug was studied at doses as high as 64 mg/d. 49 The incidence of myopathy and asymptomatic increases in CK >10 times the ULN starts to rise at 8 mg/d and increases thereafter with increasing dose. 49 The manufacturer did not seek approval for doses higher than 4 mg.
Cerivastatin was originally approved with a maximum recommended dose of 0.3 mg/d, which was subsequently extended to 0.4 and 0.8 mg. Postmarketing surveillance found that these higher doses, especially 0.8 mg, were associated with a much greater risk of myopathy and rhabdomyolysis than other statins when given alone, but especially in combination with gemfibrozil, 23, 50 because of drug interactions. Approximately 30 deaths attributed to acute renal failure secondary to rhabdomyolysis were reported to the FDA. Furthermore, even at the maximal 0.8-mg dose, cerivastatin was not especially effective, producing a mean reduction in LDL-C of ≈40%. 51 Regulatory agencies determined that the risk of rhabdomyolysis associated with cerivastatin across the dosage range was much higher than for other statins, and it was withdrawn worldwide in August 2001. 23, 50 It is still unclear why cerivastatin is so much more myotoxic than other statins. The experience with this drug, however, does demonstrate that the risk of statin myopathy/ rhabdomyolysis is not reduced by very high potency per milligram of drug or by smaller reductions in LDL-C.
In addition to varying intrinsic myotoxicity among statins, there is considerable pharmacokinetic variability among the members of the class, with corresponding differences in susceptibility to drug interactions. This is discussed in 3. Drug-Drug Interactions. Most drugs that interact with statins increase the plasma concentration of the statin or its active metabolites, which is equivalent to taking a larger dose, and thereby increases the risk of myopathy/rhabdomyolysis. The most important pharmacokinetic difference among the statins is that only lovastatin, simvastatin, and atorvastatin are cytochrome P450 3A4 (CYP3A4) substrates and consequently are vulnerable to drug interactions with CYP3A4 inhibitors, some of which are commonly used. 52 Because of the high first-pass metabolism of lovastatin and simvastatin, the effects of CYP3A4 inhibitors on these statins are greater than on atorvastatin. 
Risk Factors for Myopathy and Rhabdomyolysis
Because of the rarity of myopathy, and especially rhabdomyolysis, for all doses of all statins (except for simvastatin 80 mg), factors predisposing to these adverse effects are not well defined, but as with most drugs, older people appear to be more vulnerable. 53, 54 Hypothyroidism, preexisting muscle disease, and renal impairment are also possible causative factors, and commencement of treatment with an interacting drug is a well-established precipitant. Other suspected risk factors include female sex, diabetes mellitus, and Chinese (and possibly East Asian in general) ancestry. 53 In several placebo-controlled cardiovascular outcome trials in patients with chronic kidney disease (CKD), [55] [56] [57] impaired renal function did not appear to be a risk factor for myopathy for statins used at recommended doses for patients with renal insufficiency (Table 2) . However, results from the SEARCH RCT did suggest that CKD was a risk factor for simvastatin 80 mg/d. 53 To decrease the risk of myopathy, there are maximum dose recommendations for several statins when used in patients with renal impairment ( Table 2) .
As noted previously, higher statin doses result in higher plasma levels of statins and their active metabolites, which increases the risk of myopathy or rhabdomyolysis. Pasanen et al 59 reported that blood levels of simvastatin acid (a primary active metabolite of simvastatin) were ≈3 times higher in participants with the c.521CC genotype than in those with the c.521TT reference genotype in SLCO1B1 on chromosome 12, which encodes OATP1B1 (organic anion transporting polypeptide 1B1), a transporter that facilitates hepatic uptake of statins. A genome-wide association study in participants from the SEARCH RCT 53 evaluated 85 subjects who had developed definite myopathy (defined as muscle symptoms with CK >10 times the ULN) or "incipient myopathy" (defined as CK >3 times ULN and >5 times baseline levels, plus alanine aminotransferase [ALT] >1.7 times baseline levels without an elevated ALT alone at any other visit, with or without muscle symptoms) on simvastatin 80 mg and compared them with 90 participants who were also allocated to simvastatin 80 mg but did not develop definite or incipient myopathy. The only strong genetic association with myopathy involved the SLCO1B1 c.521C variant allele, which had an odds ratio (OR) for myopathy of 4.5 per copy of the C allele and 16.9 for the CC genotype compared with the TT genotype. However, evidence supporting the association of this or any other polymorphism with myopathy induced by other statins remains limited. Moreover, polymorphisms in the SLCO1B1 gene account for a small proportion of cases of statin-induced myopathy.
Clinical Approach to Myopathy or Rhabdomyolysis on Statin Therapy
Typically myopathy presents within a few months after starting or increasing the dose of a statin or after introduction of an interacting drug. When a patient reports unexplained muscle aches or weakness, it is important for the clinician to inquire about symptom characteristics. Most commonly, patients present with symptoms that are distributed proximally (eg, hip flexor region, upper chest and shoulders) and bilaterally. Nonspecific lower back pain can also be a presenting feature of statin-induced myopathy.
Before statin-induced myopathy (or rhabdomyolysis) is diagnosed, other causes need to be considered. For example, unusual or strenuous exercise is a common cause of muscle symptoms and can produce substantial elevations in CK. 60 In addition, hypothyroidism should always be ruled out, because it is associated with muscle weakness and increased CK levels.
CK should be measured in any patient presenting with significant unexplained muscle symptoms or unexplained increases above 3 times the ULN in transaminases, because these enzymes are found in muscle and liver. Failing to measure CK can result in missing a diagnosis of myopathy, which is likely to progress to rhabdomyolysis and possibly acute kidney injury (AKI) if the statin is not stopped. Drug interactions (considered in more detail in 3. DrugDrug Interactions) are a common cause of elevated CK and 58 myopathy/rhabdomyolysis and should always be considered. If CK is elevated >10 times the ULN (or >5 times the ULN in a vulnerable patient), the statin should be stopped immediately, as the prescribing information warns, and high fluid intake started; if CK is considerably elevated and the patient is considered to be at risk of acute renal failure based on the CK level and presence of comorbidities, hospitalization might be required. Discontinuation of the statin in a patient with statin-induced myopathy is typically followed by a falling CK and resolution of symptoms, but recovery can be prolonged in patients with more severe muscle injury. If the symptomatology and laboratory abnormalities do not improve soon after discontinuation of statin therapy, the patient should be referred to a muscle specialist to consider other diagnoses such as polymyalgia rheumatica, mitochondrial myopathies, and the very rare statin-associated autoimmune myopathy (or immune-mediated necrotizing myopathy) thought to occur in 2 to 3 patients per 100 000 treated with statins, which is variably reversible with statin discontinuation. 61 If CK is moderately elevated (eg, between 3 and 4 times the ULN), and the symptoms are mild, the statin can be continued, with another measurement in a few days. If the CK concentration is falling or stable, the statin can be continued, with further follow-up and the timing thereof depending on the CK level, symptoms, and medical history.
Athletes/Exercise Enthusiasts
Limited evidence suggests that statins can amplify the CK increases that commonly occur after vigorous exercise. 62, 63 Some practitioners advise the suspension of a statin a day or two before a marathon or other competitive strenuous exercise. Whether this has any meaningful impact on performance or muscle symptoms is unclear given that RCTs investigating fitness or muscle performance have typically not been double-blind 64 or have yielded no significant differences between statin-and placebo-treated participants. 65, 66 2.1.5. Muscle Symptoms Without Significant CK Elevations Drugs that have rare but serious adverse effects typically also have less serious adverse effects of the same type that occur more commonly. For example, anticoagulant drugs occasionally cause major intracranial or gastrointestinal hemorrhage but much more commonly cause bruises, nosebleeds, or bleeding gums. Many patients report adverse events during statin therapy, most commonly muscle symptoms (muscle pain or weakness), and some find the symptoms intolerable and stop the statin. With the knowledge that all statins rarely cause myopathy/rhabdomyolysis, it is natural to expect them to also cause muscle adverse effects that are less serious but more common.
Muscle symptoms are commonly designated as statinassociated muscle symptoms (SAMS), 24 a term that does not indicate or imply a causal relationship between the statin and the symptoms. Muscle symptoms are common in middle-aged and older people when not treated with statins. SAMS are usually not accompanied by significant elevations in CK or other objective measures. 24 The next section reviews data from observational studies and randomized trials that reported SAMS that occurred during statin therapy.
Observational Studies
Observational studies of statins in clinical practice and in surveys can record that an adverse event has occurred and provide a rough estimate of the frequency of the adverse event in that population. However, in general, observational data do not establish causality or quantify the size of an effect 17, 18, 21 (exceptions are noted in 1. Assessment of Adverse Events).
In USAGE (Understanding Statin Use in America and Gaps in Patient Education Survey), 67 an internet survey of 10 138 US patients prescribed statins, muscle symptoms that were new or worse after starting a statin were reported by 25% of the 8918 who were current statin users and by 60% of the 1220 who had discontinued statin use. Muscle symptoms were the most common reason cited by patients for statin discontinuation (60%), statin nonadherence (52%), and statin switching (33%). Approximately one-third of those who stopped statin therapy because of muscle adverse events did not talk to their doctor before they discontinued the statin.
In a large, retrospective cohort study in eastern Massachusetts, 6 11 124 (10.3%) of 107 835 statin-treated patients were reported as having had a statin-associated adverse event that led to discontinuation of statin therapy. Musculoskeletal complaints accounted for 40% of these discontinuations. Of the 6579 patients rechallenged with statins, 6064 (92%) were found to be on statin therapy 1 year after the reporting of the original statin-related event, which indicates that the vast majority of these patients were subsequently able to tolerate statins.
In a multinational internet survey of 810 statin prescribers (mainly cardiologists) across 13 countries, 10 those surveyed estimated that 6% of their patients were statin intolerant because of intolerable symptoms of any kind. There were large differences between countries: English-speaking countries (United States, United Kingdom, Australia, and Canada) had the highest rates of intolerable symptoms (8%-12%), whereas in several other countries (Japan, Spain, Italy, Sweden), the rate was only 2%. The most common cause of the estimated intolerance was muscle symptoms (64%).
Thus, in the largest observational studies, 6,10 ≈10% of US patients discontinued statin therapy, and of these discontinuations, roughly half (5%) were because of muscle symptoms.
Placebo-Controlled Randomized Trials
In this section, we consider both RCTs designed to evaluate cardiovascular outcomes and statin safety and RCTs conducted in patients with a history of statin intolerance.
Clinical trials have shown that statins produce a small increase in mean CK (11% on simvastatin 20-40 mg/d 68 ; ≈20 U/L on atorvastatin 40 mg/d 65 ; 8 U/L on rosuvastatin 20 mg/d 69 ). However, this seldom exceeds the ULN for CK and has not been demonstrated to be associated with any discernible clinical effect. Exercise can produce far larger increases. 60 In double-blind statin RCTs designed to assess effects on CVD outcomes, the incidence of intolerance, represented by numbers of statin and placebo recipients stopping study medication because of any adverse event, has typically been similar between treatment and placebo groups. 70, 71 The majority of e44 Arterioscler Thromb Vasc Biol February 2019 these trials found no significant differences between patients allocated statin or placebo in muscle symptoms. 9 In a tabular meta-analysis of safety data, Collins et al 19 reported (in a peerreviewed supplementary appendix) symptomatic musculoskeletal event rates from 15 major statin RCTs included in the CTT (Cholesterol Treatment Trialists) collaboration. This included information on myalgia or muscle aching (or muscle-specific events with a similar description) in 12 trials with >100 000 participants along with a meta-analysis of this outcome in these 12 trials. Muscle symptoms were collected by a general query for adverse events in 10 studies and by a specific query for muscle symptoms in 2 studies. Some data not reported in published articles were obtained by personal communication with the trial investigators, as noted. 19 They were not adjudicated. Nine contributing trials found no significant increase in myalgia or muscle aching in patients allocated to a statin relative to those allocated to placebo. [72] [73] [74] all of which found no significant difference between statin and control. These 3 metaanalyses used tabular rather than individual participant data, and muscle symptoms were not consistently defined and captured in different trials. These factors produce trial-to-trial variability in the absolute numbers of patients with muscle symptoms but do not introduce bias in the evaluation of statinplacebo differences.
None of the 12 trials in the meta-analysis by Collins et al 19 reported a significant difference between the statin and placebo groups in patients discontinuing study treatments specifically because of muscle symptoms (without significant CK increases). Pooling the 8 trials (with ≈63 000 participants) that reported these data, 201 participants (0.63%) allocated statin versus 183 (0.58%) allocated placebo discontinued study treatments because of these muscle symptoms (P=0.37).
For evaluation of the tolerability and safety of a medication, the quality of evidence provided by placebo-controlled trials is recognized as superior to evidence from pharmacoepidemiologic studies. 17, 19 Nevertheless, various criticisms have been raised, and addressed, 19, 70 regarding statin RCTs. These include the use of active run-in phases intended to exclude those having a potentially drug-related adverse event, which theoretically could lead to an underestimate based on those proceeding to the randomized phase of the study and, related to that, the self-or protocol-directed exclusion of individuals who have previously experienced SAMS; the claim that trial participants are not representative of patients treated in clinical practice (and therefore underestimate statin adverse effects); and the fact that most statin RCTs have not specifically sought information on muscle symptoms. 2 The rate of myalgia in this study was similar in the simvastatin and placebo groups. 76 The use of a placebo run-in, as has been done in 11 major trials, is a strategy that is also likely to increase (not decrease) the chance of observing a true effect of an intervention, by excluding patients unable to tolerate placebo. Additional reasons why the lack of any statin effect on muscle symptoms is very unlikely to be the result of exclusion of patients who had previously experienced SAMS are presented elsewhere. 70 All clinical trials have inclusion and exclusion criteria. Nevertheless, the variety of patients studied in ≈30 major statin cardiovascular outcome trials 4 is substantial: >170 000 participants including men and women, various ethnicities, participants >75 years of age, and those with and without coronary heart disease, previous stroke, diabetes mellitus, heart failure, previous organ transplantation, and dialysis. This indicates that statin therapy has been evaluated in a broad array of the types of patients treated in routine care. Collectively, these trials used all 7 of the marketed statins except pitavastatin, and many used the maximum dose recommended for the population studied.
Questioning trial participants about a specific symptom does not necessarily provide higher-quality data than studies that have not specifically sought this information. When the symptom has a high background rate, such as muscle symptoms in older people, direct questioning tends to capture a large number of adverse events of doubtful clinical importance, which leads to a high placebo rate and therefore reduced statistical power. Of the 4 placebo-controlled statin RCTs 39, 47, 65, 68 that questioned participants about muscle symptoms, none found a significant difference between the statin and placebo groups, as shown in Table 3 . On the other hand, none of the 3 (of a total of 12) RCTs that did find a significant difference (the HOPE-3, JUPITER, and ASPEN RCTs, as noted previously) reported the use of specific questioning for muscle symptoms.
The previously discussed meta-analysis by Collins et al 19 using published data from major double-blind RCTs, supplemented with unpublished data from trial investigators, indicates that if muscle symptoms without significant CK elevations occur at a greater rate with statins than placebo, the difference (in people of European origin) can be no more than ≈10 to 20 cases per 10 000 patients treated per year (ie, 0.5%-1.0% over 5 years) and therefore too small to be detected reliably even in very large cardiovascular outcome studies. The CTT Collaboration has published a protocol 77 for analyses of pooled patient-level adverse event data from the statin cardiovascular outcome RCTs that will include >100 000 patients.
If the pooled adverse muscle event rate on placebo is 5% and the pooled rate on statins is 1% higher at 6% (1.2 relative risk [RR]), the power of this meta-analysis to detect it will exceed 99% with 2-sided α=0.01.
Randomized Trials in Patients With Intolerable SAMS
Four double-blind RCTs [78] [79] [80] [81] [82] [83] conducted in patients who reported statin intolerance caused by SAMS have included a statin treatment arm. In these trials, control therapy was either placebo or ≥1 active comparators. If caused by statin therapy, SAMS should be reproducible under double-blind conditions, especially in patients in whom these symptoms are intolerable on multiple statins, and few patients should be able to tolerate the test statin. On the other hand, if SAMS are the product of expectations of harm (the nocebo effect, discussed later in this section), SAMS should then occur at similar rates on the test statin and the control agents, as long as the blind is maintained.
One of these studies included a data-driven mid-study design change and is difficult to interpret. 83 Joy et al 78 performed a proof-of-concept "N-of-1" crossover study in 8 patients who had experienced intolerable myalgia on a statin, rechallenging them with the same statin and placebo 3 times in 7 of the 8 patients and twice in the remaining patient. Myalgia was rated using visual analogue scales and other pain measurement techniques. There were no significant differences between statin and placebo, and 5 of the patients resumed statin therapy.
The 47 patients withdrew, 25 of whom had muscle symptoms. This left 314 patients to be randomized to alirocumab, ezetimibe, or atorvastatin 20 mg in a 2:2:1 ratio, so the analysis included 126 patients given alirocumab, 125 patients treated with ezetimibe, and 63 taking atorvastatin. The discontinuation rates because of muscle symptoms over the 24-week follow-up period were 15.9%, 20.2%, and 22.2%, respectively, in the 3 treatment groups. Therefore, the rates of muscle symptoms causing discontinuation were quite similar in the atorvastatin and control groups (P>0.2 for alirocumab versus atorvastatin), albeit based on small numbers of discontinuations, and threequarters of the randomized patients with a well-documented history of SAMS in the ODYSSEY ALTERNATIVE RCT were able to tolerate the test statin. 80, 84 The GAUSS-3 (Goal Achievement After Utilizing an Anti-PCSK9 Antibody in Statin-Intolerant Subjects-3) RCT 81, 82 recruited patients with intolerable SAMS on at least 2 statins, 1 of which had to be at the lowest recommended dose, as in ODYSSEY ALTERNATIVE. Approximately 80% of the participants reported intolerable SAMS with 3 statins at baseline. To confirm statin intolerance and determine whether such intolerance is causally related to statin therapy, patients were randomized to atorvastatin 20 mg or placebo for up to 10 weeks, and after a 2-week washout period, they were crossed over to the other treatment for up to 10 weeks. Of 491 patients randomized, 133 (27.1%) experienced intolerable muscle symptoms on both atorvastatin and placebo or did not experience such symptoms on either treatment, which indicates that their reported intolerance could not have a pharmacological basis. One hundred thirty patients (26.5%) experienced intolerable symptoms on placebo but not atorvastatin, and 209 patients (42.6%) experienced intolerable symptoms on atorvastatin but not placebo. Interpretation of these data involves comparison of the numbers of subjects who developed intolerable muscle symptoms on atorvastatin only compared with those who developed muscle symptoms on placebo only. The absolute difference between 209 and 130 (ie, 79) represents 16.1% of the 491 patients in the trial, which shows that 1 in 6 of these statin-intolerant patients could be considered to represent the proportion of statin-intolerant patients whose muscle symptoms were actually caused by the statin. A smaller study in statin-intolerant patients with a similar design found a 7% difference between simvastatin 20 mg and placebo. 83 Another proposed explanation for the 16% difference in the GAUSS-3 RCT is that some patients unblinded themselves. 71 In any event, it is clear that in a substantial majority of participants in this highly selected group with reported preexisting statin intolerance because of muscle symptoms, the intolerance was not caused by the statin.
These 3 RCTs in patients with apparently well-documented SAMS show that intolerance is not reproducible under double-blind conditions in a large majority of highly selected patients who would be expected to be at highest risk of SAMS. This finding is consistent with meta-analyses of numerous previous RCTs in a broad array of patient types that have shown that muscle adverse effects actually caused by the statin occur in no more than 1% of treated patients. It is currently not possible to distinguish the small minority of patients with muscle symptoms caused by a statin from the majority in whom the cause is the nocebo effect. 85 Although questionnaires have been proposed, they have not been validated. 85 Additional support for the finding that statin intolerance depends on patient expectations is provided by an analysis of muscle symptoms in ASCOT-LLA (Anglo-Scandinavian Cardiac Outcomes Trial-Lipid Lowering Arm) comparing the blinded randomized phase of the trial (median duration, 3.3 years) to the subsequent nonblinded, nonrandomized phase (median duration, 2.2 years). There was no difference in muscle symptoms among atorvastatin-and placebo-allocated patients in the blinded phase, but in the unblinded phase, the rate of muscle adverse events was higher in the group taking a statin (Cox proportional HR=1.4; P=0.0059). [86] [87] [88] [89] [90] The unblinded phase was similar to routine clinical practice in that patients knew what they were taking, in contrast to a double-blind clinical trial. There were no significant differences in the unblinded phase between statin users and nonusers in the rates of other adverse events, except for musculoskeletal and connective tissue disorders (HR, 1.17 [95% CI, 1.06-1.29]). The study showed a lower rate of statin-associated muscle symptoms in the unblinded phase than in the randomized phase. The rates of the other adverse events of interest (erectile dysfunction, cognitive impairment, and sleep disturbance) were also lower in the unblinded phase than in the blinded phase, but for these, there were no significant differences between patients who had opted to take atorvastatin and those who had not. There could be many reasons for lower rates in the unblinded phase, but the relevant comparisons in both phases are between participants taking atorvastatin versus those not taking it.
A plausible explanation for the disparate results from observational studies and blinded randomized trials is patient expectations of harm, that is, the nocebo effect (Latin for "I will harm"), [91] [92] [93] [94] [95] the inverse of the placebo effect (Latin for "I will please"). The nocebo effect is a normal neuropsychological phenomenon 91 that is the cause of adverse events, usually subjective, that result from expressed or internal expectations of harm from a therapy, but it has received little attention in cardiovascular medicine 71 until recently. 86, 96 Although some authors describe these as not being real or true adverse events, 97 to the patient they are just as real as adverse events that are caused by the treatment, and they can be severe. As noted previously, reports of muscle symptoms are common in the middle-aged and older population prescribed statins, and patient expectations often lead to attribution of these symptoms (and other common background symptoms) to statin therapy. These expectations are not necessarily conveyed to healthcare providers, and they might be no more than a vague uneasiness with taking a statin. These symptoms occur in people of all types with all levels of education 98 ; there is no implication that the patient is in any way abnormal. Dismissing the symptoms, or implying they are invented, can lead to a perception that the clinician is uncaring, and possibly a desire on the part of the patient to prove the symptoms are real, 99 which reduces the chances of a successful rechallenge. There are many sources of expectations of harm from statins. 7 The risk of myopathy and rhabdomyolysis is prominent in statin patient information leaflets, and clinicians appropriately warn patients to report muscle symptoms if they develop during treatment. Furthermore, internet searches often bring up incorrect information about statin adverse effects, usually exaggerating the hazards, and statin-related news stories often emphasize the negative. 7, 100 Statins are widely prescribed, and the misperception that they commonly cause muscle and other symptoms has existed for many years. The combined effect of these factors could lead many patients to associate background muscle symptoms with statin use or develop new symptoms.
Clinical Approach to Muscle Symptoms
Most clinicians who regularly prescribe statins are aware that statins are well tolerated in clinical trials and by most patients in clinical practice. Nevertheless, when symptoms, most commonly muscle symptoms (which might include pain, aches, stiffness, cramps, weakness, or muscular fatigue), appear soon after starting treatment with a statin, and no other causes are clearly discernible, it is reasonable to recommend a "statin holiday" for 1 to 2 weeks and determine whether symptoms resolve. If so, it can be difficult for both clinicians and patients to believe the symptoms are not caused by the statin. A successful rechallenge without symptoms would provide evidence that the initial SAMS were unrelated to statin therapy, but sometimes the symptoms recur with each rechallenge. Although SAMS can usually be explained by patient expectations of harm, as discussed previously, the symptoms are real and can be severe. SAMS are a common cause of stopping statins and a barrier that impedes long-term adherence. 10 As expected, discontinuation is strongly associated in observational studies with higher cardiovascular event rates. 101 When a patient reports muscle symptoms, the possibility of an adverse statin drug interaction should be borne in mind and dealt with, as addressed elsewhere in this statement (see 3. Drug-Drug Interactions). If the symptoms are concerning, it is important to check CK, primarily to assess the possibility of myopathy/rhabdomyolysis, but also because a normal value (if obtained) might help reassure the patient that muscle injury has not occurred and enable continuation of treatment or acceptance of rechallenge with the same statin. The rechallenge is usually done at a lower dose, or with an alternative statin, given daily or several times a week. Measurement of vitamin D might be useful, because vitamin D deficiency can cause muscle pain independent of statin use. 102 Observational studies evaluating the association of low levels of 25-hydroxy vitamin D with muscle symptoms in statin-treated patients have produced conflicting results. [103] [104] [105] [106] [107] [108] No controlled clinical trials have yet addressed whether vitamin D supplementation improves SAMS. Coenzyme Q10 is derived from mevalonate, the product of the enzyme HMG-CoA reductase that is inhibited by statins. It has been proposed as a treatment for muscle symptoms during statin therapy, but the RCT evidence is not supportive, 83, 109 consistent with the conclusion that the muscle symptoms are rarely caused by the statin.
If SAMS do not resolve within a few weeks after statin cessation (and especially with elevated CK levels), other causes for the muscle symptoms, such as an underlying neuromuscular disorder, including polymyalgia rheumatica, severe vitamin D deficiency, or, very rarely, immune-mediated necrotizing myositis, should be considered. If persistent muscle symptoms are clinically significant, the patient should be referred to a neuromuscular specialist for evaluation and treatment. The substantial advantage of remaining on statin therapy should be discussed with the patient. Rechallenge is a practical way forward, because it is usually possible to find a statin regimen the patient will accept. In a large US cohort study, 11 124 of 107 835 subjects (10%) discontinued statin treatment because of adverse events considered statin related. Of these, 6579 (59%) were rechallenged, and in them, some form of statin treatment could be restored in >90%. 6 Of these, 2721 were rechallenged with the same statin, and 2568 were taking a statin 12 months after the original statin-related event. At 12 months, 1295 patients were taking the same statin, and of these, 996 were taking the original statin at the same or a higher dose. Only 153 patients were not taking a statin. Of the 6579 patients who were rechallenged, 3858 patients were rechallenged with a different statin, and 3496 were taking any statin at 12 months. A total of 362 patients were not taking any statin at 12 months. Therefore, only 515 (7.8%) of the 6579 rechallenged patients were not taking a statin at 12 months.
During rechallenge, patients are likely to believe, quite reasonably, that their symptoms are caused by the statin, especially when they resolve after stopping the statin and then recur on rechallenge. In a typical scenario, a clinician prescribes a statin and appropriately warns a patient of the possibility of myopathy. The patient returns with reports of muscle symptoms with no obvious new cause, and the symptoms resolve on stopping the statin. The clinician typically rechallenges the patient with a lower dose of the same statin or with a different statin, an approach that is often but not always successful. 6 SAMS that reoccur during rechallenge might convince the patient and sometimes the clinician that the symptoms are indeed caused by the statin. However, because the rechallenge is not usually double-blind in the clinic, a positive rechallenge does not demonstrate unequivocally that the symptoms are pharmacologically related to the statin. While it increases this possibility, it does not prove causality, because some patients may anticipate side effects (the nocebo effect). 71, 86, 96 These nonpharmacological symptoms occur in patients of all kinds and are completely normal; there is no implication that the patient is inventing the symptoms.
The frequency of subjective adverse events such as SAMS can be strongly influenced by clinician-patient communication, and strategies have been proposed to minimize patient expectations of harm in other contexts 94, 95 that can be used to preempt or manage SAMS and other symptoms that arise during statin therapy. 71 Supported by a large body of RCTs that showed that statins might cause muscle symptoms in at most 1% of trial participants with a broad range of comorbidities, 19 and by reassuring data from blinded RCTs in participants who have previously reported SAMS on multiple statins that showed subsequent statin tolerance and adherence in a substantial majority, 80, 82, 84 clinicians can be confident reassuring patients that although their symptoms might have started with their statin, it is usually possible to find an acceptable long-term statin regimen.
Conclusions
Statins occasionally cause dose-related myopathy, defined as unexplained muscle pain or weakness accompanied by CK elevations >10 times the ULN, including rhabdomyolysis, in <0.1% of patients at maximal recommended doses. Myopathy and rhabdomyolysis risk is related to circulating active drug concentrations and is therefore higher in the presence of drugs that interfere with statin metabolism.
Many statin-treated patients in routine clinical practice report muscle symptoms, which could cause them to stop the statin; this is a major barrier to effective long-term therapy. Under the double-blind conditions of RCTs in a broad array of patient types, there is little if any difference (at most 1%) in the incidence of muscle symptoms between the statin and placebo. Very few patients in these RCTs discontinued the study medication because of these muscle symptoms, and the difference in muscle-related discontinuation rates between patients allocated to statin and those allocated to placebo was negligible (0.1%) and not significant. When patients with a history of intolerance to multiple statins because of muscle symptoms are rechallenged under double-blind conditions, the intolerance is generally not reproducible.
There is increasing appreciation of the role of patient expectations of harm as the cause of muscle and other symptoms in statin-treated patients. The symptoms can be severe despite the absence of a pharmacological basis in the vast majority of cases, and they should never be dismissed by the clinician. Expectations of harm are generated by appropriate clinician warnings about the small risk of rhabdomyolysis and from negative information in the media. Although muscle symptoms are very unlikely to be caused by the statin, rechallenge with the same statin at a lower dose or a different statin is useful as the first step to restore statin therapy, which might be possible at or near the previous level of intensity. Resuming and maintaining treatment with a statin (when myopathy has been excluded) reduces the risk of atherosclerotic vascular events, which is especially important in high-risk patients, such as those with preexisting CVD.
Diabetes Mellitus
Newly Diagnosed Diabetes Mellitus
The development of type 2 diabetes mellitus is a long-term process that involves chronic insulin resistance and progressive loss of β-cell function disease that (with very few exceptions) takes place over many years. The higher incidence of diabetes mellitus during statin treatment, relative to placebo, in RCTs typically reflects patients already at high risk of diabetes mellitus progressing to the diabetic state sooner than would otherwise have been the case. Furthermore, because the observed outcome is inevitably the diagnosis of diabetes mellitus, rather than the actual onset of diabetes mellitus, the term newly diagnosed diabetes mellitus is used in this document to reflect incident cases of diabetes mellitus, instead of newonset diabetes mellitus, despite the regular use of the latter in the literature.
The possibility that statin therapy might influence the risk of developing diabetes mellitus was first tested in a post hoc The first prospective analysis of effects of statins on the incidence of diabetes mellitus was provided by the JUPITER trial, which included newly diagnosed diabetes mellitus as a prespecified outcome. In this study of 17 802 patients without diabetes mellitus at baseline, physician-reported diabetes mellitus occurred in 0.6% more participants randomized to receive rosuvastatin (270/8901 [3.0%]) than placebo (216/8901 [2.4%]) over a median of 1.9 years (a relative increase of 24%; P=0.01). 39 There was also a small but statistically significant increase in hemoglobin A 1c (HbA 1c ) on rosuvastatin (median, 5.9%; interquartile range, 5.7%-6.1%) versus placebo (median, 5.8%; interquartile range, 5.6%-6.1%). However, fasting glucose levels at 24 months did not differ among the rosuvastatin and placebo groups. 112 In 2010, a meta-analysis of study-level data from 91 140 participants in 13 randomized trials (limited to CVD outcome trials with >1000 participants and follow-up of >1 year) indicated that statin use was associated with a 9% proportional increase (OR, 1.09; 95% CI, 1.02-1.17) in the risk of being diagnosed with diabetes mellitus compared with placebo or standard care. 113 Weaknesses of this analysis include its use of study-level rather than individual participant data, the fact that newly diagnosed diabetes mellitus was not a prespecified outcome in the vast majority of trials, and the unavoidable need to use differing definitions of diabetes mellitus according to the available data (eg, only some trials measured fasting glucose on a regular basis during follow-up, and those that did so measured it at different frequencies). This analysis estimated that treating 255 individuals with statins for 4 years would result in 1 additional case of diabetes mellitus. Cardiovascular outcomes were not collected for the purposes of this analysis, but it was estimated that for each additional case of diabetes mellitus, ≈5 major coronary events would have been prevented. 113 A subsequent meta-analysis added data from 2 placebocontrolled trials and found that statin therapy increased the risk of newly diagnosed diabetes mellitus by 11%. 114 These studies were not able to assess the effect of statin therapy in the context of established diabetes mellitus risk factors, such as adiposity and impaired fasting glycemia, but a separate analysis of 3 major statin trials suggested that the modest diabetogenic effect of statins was present predominantly in those already at high risk of developing diabetes mellitus. 115 This evidence of an increased risk of diabetes mellitus on statin therapy compared with placebo or standard care prompted a further meta-analysis in which pooled study-level data for 32 572 participants without diabetes mellitus from 5 trials were used to assess the effects of intensive-versus moderate-dose therapy (again limited to trials with at least 1000 participants and follow-up of at least 1 year). 116 Over a median of 4.9 years, 1449 (8.8%) of 16 408 individuals on intensive statin therapy versus 1300 (8.0%) of 16 344 on moderate-dose therapy were recorded as having developed diabetes mellitus (OR, 1.12; 95% CI, 1.04-1.22). This was estimated to represent an extra 2 cases of diabetes mellitus per 1000 patient-years of treatment (a risk of 0.2% per year of treatment), 116 during which time 6.5 cardiovascular events (MI, stroke, or coronary revascularization) per 1000 patient-years were prevented. 117 Subsequent data from the HOPE-3 trial in individuals without CVD but at intermediate risk, followed up for a median of 5.6 years, showed no effect of lower-dose rosuvastatin (10 mg/d) on adjudicated cases of reported newly diagnosed diabetes mellitus (232/5987 [3.9%] on rosuvastatin; 226/5987 [3.8%] on placebo; HR 1.02; 95% CI, 0.85-1.23). 75 Results from the various trials and the major meta-analyses are provided in Table 4 .
In a meta-analysis 120 of study-level data from smaller trials comparing pitavastatin to either placebo or several other statins, there were no significant differences in newly diagnosed diabetes mellitus or impaired glucose metabolism compared with other statins, but the analysis included only 29 new cases of diabetes mellitus (none of which occurred in the 2 placebo-controlled trials) and only ≈1600 person-years of observation. The J-PREDICT trial 121 (Japan Prevention Trial of Diabetes by Pitavastatin in Patients With Impaired Glucose Tolerance) was designed to investigate the effect of pitavastatin added to lifestyle modification on the development of diabetes mellitus in participants with impaired glucose tolerance compared with lifestyle modification alone, but the results of this open-label study have not yet been published in a peerreviewed journal.
One interpretation of the findings of statin-induced diabetes mellitus, based on an analysis of the JUPITER trial, is that statin therapy simply accelerates the onset of diabetes mellitus in those who would otherwise develop diabetes mellitus, such as patients with pre-diabetes mellitus or the metabolic syndrome. 112 This has not yet been directly confirmed in other prospective trials, although as noted above, the diabetogenic risk of statin therapy is largely confined to patients with preexisting multiple risk factors for diabetes mellitus. 115 Also unclear is the relationship between duration of statin therapy and risk of newly diagnosed diabetes mellitus. An analysis of study-level data from 20 major statin trials found no relationship between the length of those statin trials and the risk of newly diagnosed diabetes mellitus attributable to statin therapy. 114 Stopping statin treatment increases cardiovascular risk; therefore, statins should be continued when diabetes mellitus is diagnosed. Partly for this reason, whether the diabetogenic effect of statins is reversible is unclear. The mechanism of this effect remains an active area of research. 12, 113, 114, 116, [122] [123] [124] [125] Some of these data are summarized in online Appendix 3, Table I . Recent mendelian randomization studies found that reduced function variants of not only HMG-CoA reductase 114,126 but also both PCSK9 (proprotein convertase subtilisin/kexin type 9) 126 and NPC1L1 (Niemann-Pick C1-Like 1) 127 were all associated with a reduction in LDL-C, a reduction in the prevalence of cardiovascular events, and an increased prevalence of newly diagnosed diabetes mellitus. This suggests that the increase in newly diagnosed diabetes mellitus on statin therapy could be somehow mediated by its LDL-C-lowering effect and thus might be shared by inhibitors of PCSK9 (monoclonal antibodies), NPC1L1 (ezetimibe), and HMG-CoA reductase (statins). This putative link is strengthened by the finding of a much lower prevalence of diabetes mellitus (adjusted OR=0.49 compared with control subjects) in patients with heterozygous familial hypercholesterolemia (FH), which is usually caused by decreased numbers or function of LDL receptors. 
Changes in Measures of Glycemia and Weight
With regard to the potential effect of statins on glycemic control in patients who already have diabetes mellitus, data from [128] [129] [130] In contrast, HPS, 131 in which HbA 1c was measured in a random sample of 1087 of the 5963 participants with diabetes mellitus at baseline and after 4.6 years, found no difference between the simvastatin and placebo arms, with an increase of 0.15% versus 0.12%, respectively (P=0.8). In a meta-analysis of pooled data for all statin trials with published information on change in HbA 1c in those with diabetes mellitus, statin therapy raised HbA 1c , but only by 0.12% (95% CI, 0.04%-0.20%) on average. 132 The relationship between HbA 1c and CVD risk in trials of intensive glucose lowering versus standard therapy is weak. 133 Therefore, the very small increase in HbA 1c seems highly unlikely to introduce any material change in cardiovascular risk.
A meta-analysis of major trials 114 has demonstrated that statin therapy increases body weight compared with control by a clinically unimportant amount (0.24 kg) over 4 years.
Conclusions
Statin therapy modestly increases the risk of developing diabetes mellitus via mechanisms not yet understood. The HR is ≈1.1 for moderate-dose and 1.2 for intensive statin therapy for 5 years. The risk is largely confined to patients with multiple preexisting risk factors for diabetes mellitus. The absolute risk of statin-induced diabetes mellitus in major trials has been ≈0.2% per year. The size of any effect in routine clinical practice will depend on the baseline risk for developing diabetes mellitus in the patient population. In addition, in patients with diabetes mellitus, the average increase in HbA 1c with initiation of statin therapy is small and thus is usually of limited clinical significance. Most importantly, however, it is well established that statin therapy substantially reduces cardiovascular events in those with and without diabetes mellitus and that in the latter case, several cardiovascular events are prevented for every new diagnosis of diabetes mellitus. Furthermore, when considering the increase in newly diagnosed diabetes mellitus, it is important to note that this represents a far less dramatic and threatening event than the occurrence of MI, stroke, or cardiovascular death. The increased risk of diabetes mellitus should not deter statin use in patients considered to be at sufficiently high CVD risk to warrant statin treatment, although it is prudent both to increase efforts at diabetes mellitus prevention and to screen for the development of diabetes mellitus in patients at elevated risk for diabetes mellitus, especially in those on intensive statin therapy.
Liver
Transaminase Elevations
Concern about statin effects on the liver originally stemmed from animal safety studies. Lovastatin causes hepatocellular injury in rats and liver necrosis in rabbits. 134 Statins may be associated with mild transaminase elevations <3 times the ULN, sometimes in the context of nonalcoholic fatty liver disease or alcohol use. 135, 136 The best available data find statins also cause dose-related asymptomatic increases >3 times the ULN in liver transaminases, confirmed by a repeat measurement in ≈1% of patients. 46 In TNT (Treat to New Targets), 43 which compared atorvastatin 80 mg versus 10 mg daily in 10 001 patients followed up for a median of 4.9 years, there were 60 cases of confirmed elevations in transaminases >3 times the ULN on 80 mg compared with 9 cases on 10 mg (1.2% versus 0.2%; P<0.001). Elevations in transaminases reflect enzyme release from hepatocytes but do not specifically relate to impaired liver function or hepatocellular injury, 137 which would require demonstration of alterations in albumin, prothrombin time, or direct bilirubin. 135, 138 For many years, periodic measurement of transaminases was recommended in the prescribing information for all statins, but in 2012, the FDA issued a safety statement recommending transaminase measurement only before starting statin therapy and thereafter when clinically indicated. 139 The underlying reasoning was that clinically apparent statin hepatotoxicity is very rare, as discussed under 2.3.2. Hepatotoxicity, and monitoring transaminases has never been shown to be useful in preventing it. 139 When statins increase transaminases, the elevation in ALT is nearly always greater than the increase in aspartate aminotransferase (AST), consistent with a hepatic effect. 25, 46 If AST rises more than ALT, another pathogenesis might be the cause. For example, muscle injury will release AST and ALT (typically with higher AST levels than ALT levels), and this can be readily distinguished from a liver source by measuring CK, which will be elevated if the source is muscle. Alcohol exposure can also increase AST more than ALT.
Hepatotoxicity
There were generally very low rates of severe liver injury in the large statin RCTs, which suggests either that statins do not cause severe liver injury or that the incidence of statinrelated severe liver injury is too low to be detected in these clinical trials. In EXCEL, the 48-week RCT of lovastatin versus placebo in >8000 patients, described in the Muscle section, there were no cases of clinically symptomatic hepatitis. 46 In HPS, in which >20 000 patients were randomized to simvastatin 40 mg or placebo for 5 years, there were 6 and 9 cases, respectively, of clinical hepatitis. 38 In a meta-analysis of pooled individual patient data from early atorvastatin trials, 45 noninfectious hepatitis was reported in 5 (0.1%) of 4798 patients taking atorvastatin 80 mg/d. Three of these were in 1 placebo-controlled study in 3086 patients with acute coronary syndrome. 140 Importantly, all cases resolved within 4 weeks of drug discontinuation. In JUPITER, in which nearly 18 000 patients were randomized to rosuvastatin 20 mg or placebo for 1.9 years, hepatic disorder was a monitored adverse event, and the rates were similar in the rosuvastatin and placebo groups, 2.4% versus 2.1% (P=0.13). 39 Severe liver injury related to statin therapy in clinical practice has been described in case reports and registry studies. After >20 years of clinical use, a 2009 literature review identified only 40 case reports of statin-related drug-induced liver injury, 141 2 of which were fatal. Björnsson et al 142 analyzed drug-induced liver injury suspected to be caused by statins using data from the Swedish Adverse Drug Reactions Advisory Committee collected over 22 years (1988-2010) . In Sweden, reporting of serious adverse events that could be caused by a drug has been compulsory since 1975, so the underreporting problem typical of registry studies is substantially mitigated. The authors assessed causality in 73 reports of possible statin-induced liver injury, the largest series thus far reported, and found a high probability of a causal relationship in 7 cases, probable causality in 14 cases, and possible causality in 52 cases. The median elevation in ALT was >10 times the ULN, and 35% had jaundice at presentation. Most of these patients were taking atorvastatin (30 patients) or simvastatin (28 patients), the statins most commonly used in Sweden between 1998 and 2010. When the larger number of prescriptions for simvastatin is taken into account, atorvastatin was significantly more commonly associated with liver injury than simvastatin. The atorvastatin cases were more likely to be of a cholestatic/mixed pattern (57%) than the simvastatin cases (25%), with the remainder showing a hepatocellular pattern. The average time between statin initiation and increase in liver enzymes to >5 times the ULN was 3 months. Three patients were rechallenged with the same statin, with a similar result during the second exposure. The authors concluded that liver injury could be caused by statin therapy but is extremely rare, reported in ≈1 in 100 000 individuals treated with statins. 142 A recent comparison of hepatotoxicity during therapy with simvastatin versus atorvastatin using the UK General Practice Research Database yielded higher incidences, but unlike the Swedish study, in which full medical records were available in most cases, only biochemical end points were used, and statin causality was not evaluated. 143 However, consistent with the Swedish study, the United Kingdom study suggested a higher risk with high-dose atorvastatin than with high-dose simvastatin.
The postmarketing reviews of statins and hepatotoxicity conducted by the FDA between 2000 and 2009 through the agency's adverse event reporting system also found an extremely low reporting rate of serious liver injury, death, or liver transplantation attributable to statin use (≤2 per 1 million patient-years). 139 There were 75 cases (27 severe liver injury, 37 deaths, and 11 liver transplantations), of which 30 were found to be either possibly or probably associated with statin therapy. No cases were assessed as highly likely or definitively caused by statin therapy. The FDA concluded that there was no increase in the incidence of fatal or severe liver injury despite the growing use of statin therapy since the 1990s. Rechallenge with a statin could result in the same liver injury and is not recommended.
Conclusions
Statins cause asymptomatic, dose-related confirmed elevations >3 times the ULN in transaminases in ≈1% of patients, but this alone does not indicate liver injury. Monitoring transaminases is not useful for preventing clinically apparent statin hepatotoxicity, which is extremely rare, occurring in ≈0.001% of patients. It is not currently possible to predict in advance which patients will develop serious hepatotoxicity, so providers need to be alert to symptoms and signs of this rare complication, particularly in patients with preexisting liver disease.
Neurological Adverse Events
Hemorrhagic Stroke
In Western countries, ≈87% of strokes are ischemic and 13% are hemorrhagic (10% parenchymal and 3% subarachnoid hemorrhages). 144 Some epidemiological studies find an inverse relationship between cholesterol levels and the risk of hemorrhagic stroke. For example, data from MRFIT (Multiple Risk Factor Intervention Trial), which included 361 662 men from 22 clinical centers in the United States, showed that the RR for intracranial hemorrhage-associated death was highest in those with the lowest total cholesterol level (<160 mg/dL [<4.14 mmol/L]), whereas the risk of death from ischemic stroke increased with increasing cholesterol. 145 In the Asian Cohort Study, there was a 20% decrease in hemorrhagic stroke per 4.5 mg/dL increase in total cholesterol. 146 The relationship can be more complex if lipid subclasses are considered. One study 147 found that higher high-density lipoprotein cholesterol is associated with a lower risk of ischemic stroke, with no effect of total cholesterol or LDL-C; in contrast, higher high-density lipoprotein cholesterol is associated with a higher risk of hemorrhagic stroke, with higher total cholesterol and LDL-C associated with a lower risk. 147 These and other observational studies that suggested an increased risk of hemorrhagic stroke in populations with lower cholesterol levels raised concern that the risk would also be higher in those treated with statins.
In contrast to epidemiological studies, there is a paucity of data from randomized trials showing an increased risk of hemorrhagic stroke among those treated with statins who have established coronary heart disease or other high-risk conditions but no history of stroke. A tabular data meta-analysis of 23 randomized trials and 19 observational studies (248 391 subjects, 14 784 intracerebral hemorrhages) found no association between statin treatment and increased risk of intracerebral hemorrhage in RCTs (RR, 1.10; 95% CI, 0.86-1.41), cohort studies (RR, 0.94; 95% CI, 0.81-1.10), or case-control studies (RR, 0.60; 95% CI, 0.41-0.88). 148 The analysis, however, combined studies of the effects of statins in primary and secondary stroke prevention populations.
Meta-analysis of published study-level data from statin trials assessing the risk of hemorrhagic stroke among those with no history of stroke (ie, a stroke primary prevention population) found a nonsignificant reduction in the risk of hemorrhagic stroke with statin therapy (RR, 0.81; 95% CI, 0.60-1.08). 149 There is also no evidence of increased risk of brain hemorrhage with high-versus low-intensity statin therapy in a primary stroke prevention population. For example, the risk of brain hemorrhage was similar with highintensity (mean LDL-C, 77 mg/dL) and low-intensity (mean LDL-C, 101 mg/dL) statin treatment in subjects with stable coronary heart disease, with no relationship between bleeding risk and the quintile of achieved LDL-C. 150 Meta-analysis using individual patient data of 5 trials of more versus less intensive statin therapy in subjects with stable coronary artery disease or acute coronary syndromes found a 16% (99% CI, 4 Although there is no demonstrable increased risk of hemorrhagic stroke attributable to statin treatment, with an overall reduction in all strokes associated with statin treatment in primary stroke prevention populations, interpretation of data from secondary stroke prevention studies has been more controversial. The study-level meta-analysis by Amarenco et al 149 focused on the effect of statins on hemorrhagic stroke risk in randomized stroke secondary prevention trials and found an increased risk with treatment (RR, 1.73; 95% CI, 1.19-2.50). This estimate is based on post hoc subgroup analyses of 2 trials. In HPS, there was no overall statin-associated increased risk of hemorrhagic stroke, but there was statistical heterogeneity based on the presence or absence of a history of prior cerebrovascular disease (P=0.03), with higher risk among those with a history of stroke (1.3% versus 0.7%). 151 In SPARCL (Stroke Prevention with Aggressive Reduction in Cholesterol Levels), 37 which evaluated the effects of atorvastatin 80 mg/d compared with placebo in 4731 patients with a history of stroke (69%) or transient ischemic attack (31%) followed up for a median of 4.9 years, the overall benefit of atorvastatin 80 mg in reducing recurrent stroke was partially offset by an increased risk of brain hemorrhage (HR, 1.66; 95% CI, 1.08-2.55). There was no relationship between achieved LDL-C and hemorrhagic stroke risk among statin-treated subjects. A study-level meta-analysis by Hackam et al 148 that included cohort, case-control, and randomized trials, however, found no increased risk of recurrent brain hemorrhage associated with statins in patients with a history of cerebrovascular disease (adjusted RR, 0.7; 95% CI, 0.2-3.4).
Conclusions
The available data in aggregate show no increased risk of brain hemorrhage with statin use in primary stroke prevention populations. An increased risk in secondary stroke prevention populations is possible, but the absolute risk is very small, and the benefit in reducing overall stroke and other vascular events generally outweighs that risk.
Central Nervous System Function
The prescribing information for all statins notes rare reports of cognitive impairment during postmarketing use. These reports generally describe nonserious reversible forgetfulness, confusion, and other forms of cognitive impairment, but the prescribing information states that a causal link between these effects and any statin has not been established. Complaints such as these are common in middle-aged and older people, regardless of whether or not they are treated with a statin. RCTs are therefore required to evaluate causality.
Cognitive function was specifically assessed in 2 cardiovascular outcome statin trials, HPS 47 and PROSPER (Prospective Study of Pravastatin in the Elderly at Risk), 118 both of which included several thousand patients >70 years of age randomized to simvastatin 40 mg or placebo (for 5 years) and pravastatin 40 mg or placebo (for 3 years), respectively. In both trials, the frequency of cognitive impairment in the statin and placebo groups was similar and not statistically different. A third study randomized 640 patients with mild to moderate Alzheimer disease to atorvastatin 80 mg or placebo for 72 weeks to test the hypothesis that statin therapy could benefit patients with the disease. 152 There was no significant difference in change in cognitive function between the statin and placebo groups. The issue has also been examined in several overviews [153] [154] [155] of both RCTs and observational data, with no conclusive evidence for either cognitive benefit or harm from statin therapy.
Sleep disturbances and insomnia have also been reported in patients taking statins. Although there are anecdotal reports related to nightmares and adverse sleep quality, most notably with lovastatin, simvastatin, and rosuvastatin, evidence from observational studies, some of the large statin RCTs, and the few small RCTs that used polysomnography have not supported this conclusion. [156] [157] [158] [159] [160] For example, in the CARDS trial of patients with type 2 diabetes mellitus, reports of insomnia did not differ among patients randomized to atorvastatin 10 mg/d (3.2%) or placebo (3.8%) during the follow-up period of 3.9 years. 129 Moreover, in JUPITER, insomnia was reported in 222 patients (2.7%) allocated to rosuvastatin 20 mg/d compared with 205 (2.5%) allocated to placebo over a median of 2 years.
161 A recent careful studylevel meta-analysis of RCTs providing data on sleep, mood, and physical function found no evidence of adverse effects of statins on these outcomes. 162 Association of other central nervous system disorders with statin use has been suggested but never proven. Among these is amyotrophic lateral sclerosis (ALS), triggered by a report of a higher than expected number of ALS-like case reports associated with statin use. 163 There was no dose-response relationship, and the authors were careful to point out that their results should only be considered hypothesis generating. A subsequent pooled meta-analysis of 3 observational studies (2 case-control and 1 retrospective cohort) produced no evidence for an association between statin use and ALS. 164 Overall, there is no conclusive evidence that statins cause ALS or increase ALS disease progression. 164 Other neurodegenerative disorders have also been evaluated with respect to statin use. Observational studies have hypothesized both protective 165 and adverse effects 166 of statins on the risk of developing Parkinson disease, but there has been no reported signal in RCTs.
Conclusions
Overall, there is no evidence that statins increase the risk of disorders of the central nervous system, with the possible exception of hemorrhagic stroke.
Peripheral Neuropathy
Peripheral neuropathy is a common clinical problem, affecting ≈8% of the population >55 years of age. 167 In developed countries, the most common cause is diabetes mellitus, but the disorder is associated with a wide variety of diseases and drugs. 167 Data on the frequency of peripheral neuropathy in patients taking statins are available from both epidemiological studies and RCTs. A population-based cohort study from the UK General Practitioner Database compared the frequency of peripheral neuropathy among patients aged 40 to 70 years who received at least 1 prescription for a lipid-lowering drug between 1991 and 1997 (n=17 219) with that of patients with hyperlipidemia not prescribed a lipid-lowering medication (n=28 974) and with the general population (n=50 000). 168 There was no significant difference among these comparisons. A nested casecontrol study in a Danish population between 1994 and 1998 identified 166 new cases of definite, probable, and possible idiopathic peripheral neuropathy, each of whom was matched with 25 control subjects without neuropathy on the basis of age, sex, and index date. 169 Subjects were classified as a current statin user (prescription within 3 months of the index date), as a past user, or as never having been prescribed a statin. Relative to control subjects, the risk of definite or suspected newly diagnosed neuropathy was higher among statin users (OR, 3.7; 95% CI, 1.8-7.6) and even higher among those with definite neuropathy (OR, 14.2; 95% CI, 5.3-38.0). Another case-control study used hospital discharge and mortality databases to identify the date of diagnosis among 2040 patients for whom peripheral neuropathy was the principal reason for admission or death. 170 These were then compared with up to 20 control subjects per case from 36 041 individuals from the general population, matched for age, sex, index date, and primary care provider. A prescription database was used to identify those who had been prescribed a lipid-lowering drug during the year before the index date. The adjusted (thyroid disease, diabetes mellitus, anemia, chronic renal failure, connective tissue disease) OR for newly diagnosed neuropathy was higher among those prescribed statins (OR, 1.22; 95% CI, 1.03-1.45) or fibrates (OR, 1.54; 95% CI, 1.07-2.23). In addition, a small prospective study in 43 individuals found that statin use correlated with peripheral nerve damage over a 3-year period. 171 In contrast to these analyses is the result of a subgroup analysis of data from the longitudinal Fremantle Diabetes Study, an observational cohort study. 172 The 
Conclusions
Although some observational studies suggest a possible association between statin use (prior or current) and newly diagnosed peripheral neuropathy, the results of such studies are inconsistent, and there is no support of a causal relationship in RCTs. Additional data should be forthcoming from a planned meta-analysis of individual patient safety data from randomized trials of statin therapy. At the present time, however, there is no conclusive evidence for a causal relationship between statin treatment and peripheral neuropathy.
Steroidogenesis
Because cholesterol is the precursor of all steroid hormones, possible effects on steroidogenesis have been evaluated since the earliest clinical studies with lovastatin and the 2 subsequently approved statins, simvastatin and pravastatin. There are few published data on the other 4 statins, perhaps because concerns were allayed by the absence of clinically significant effects with lovastatin, simvastatin, or pravastatin.
Glucocorticoids
Possible effects of statins on basal and adrenocorticotropic hormone-stimulated cortisol have been examined in several studies, which found no consistent or clinically significant differences between statin and placebo.
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Sex Hormones
This section is confined to studies in adults; studies in adolescents are summarized in 4.2. Children and Adolescents.
Male Gonadal Function
Studies that examined the effect of statins on male gonadal function are mostly uncontrolled or have small numbers of subjects and therefore limited statistical power. The most comprehensive study randomized 159 men, healthy except for hypercholesterolemia, to simvastatin 20 mg, simvastatin 40 mg, pravastatin 40 mg, and placebo using a double-blind, parallel design and 24-week treatment duration. 180 In addition to measuring basal testosterone, a human chorionic gonadotropin stimulation test to evaluate testosterone reserve and an assay for semen quality were performed at baseline and 24 weeks. No significant between-treatment effects were observed in basal or stimulated testosterone or in free testosterone index, sex hormone-binding globulin, luteinizing hormone, or follicle-stimulating hormone. There were also no significant differences in semen quality. A subsequent RCT by the same group randomized 81 men to simvastatin 80 mg (a dose above the current recommended dosage range; see 2.1. Muscle) or placebo for 12 weeks. 179 Median total, free, and bioavailable testosterone declined by ≈10% at 12 weeks in the simvastatin 80 mg group relative to placebo, but only the change in bioavailable testosterone was statistically significant. There were no significant changes in serum gonadotropin levels or sex hormone-binding globulin, and there were no differences between treatments in testosterone reserve, measured by human chorionic gonadotrophin simulation test at baseline and 12 weeks.
Plasma testosterone is variable, within and between individuals, and has a wide normal range. The relationship between changes in testosterone levels that remain in the normal range and libido, muscle mass, and bone mass have not been adequately studied. The clinical significance of a 10% decline in bioavailable testosterone with simvastatin 80 mg, a dose no longer used, is not clear. There is no evidence that statins cause erectile dysfunction. The results of 2 recent metaanalyses of double-blind RCTs, one confined to studies that evaluated statins for the treatment of erectile dysfunction 181 and the other 182 potentially including any study with erectile dysfunction as an outcome measure, found no evidence that statins impair erectile function. Indeed, both found a significant improvement compared with placebo in erectile function, although the mechanism is unclear.
Female Gonadal Function
All statins are contraindicated in pregnancy and should be used in women of reproductive age only in those who are very unlikely to conceive (see 4.4. Pregnancy and Breastfeeding). Consequently, few studies have evaluated female gonadal function in an RCT. Plotkin et al 183 compared simvastatin 40 mg and placebo in a randomized, double-blind, parallel, placebo-controlled, multicenter study in 81 women. The study spanned 6 consecutive menstrual cycles, of which the second and sixth were monitored hormonally and considered baseline and treatment cycles, respectively. The primary end point was change from baseline in luteal phase length, taken to be the time between the urinary luteinizing hormone peak and the day before the onset of menstruation. As the final common pathway for normal folliculogenesis and ovulation, the luteal phase of the menstrual cycle is a clinically relevant measure of female gonadal function. The mean luteal phase lengths for the simvastatin group were 14.5 and 14.9 days at baseline and in cycle 6, respectively, a nonsignificant difference. The corresponding values in the placebo group were 14.9 and 13.9 days (P<0.05). This between-group difference in change from baseline of 1.4 days (P<0.05) is difficult to interpret because of the significant reduction in the placebo group luteal phase length. There was no effect of simvastatin on progesterone synthesis as measured by the urinary excretion of pregnanediol, its principal metabolite. The authors concluded that their study provided no evidence for adverse effects on the menstrual cycle but cautioned that statins should only be used in premenopausal women when conception is very unlikely.
Conclusions
Statins have minimal if any effects on steroidogenesis, and none are clinically relevant. They might slightly reduce plasma testosterone, but they do not cause hypogonadism, and their effect on erectile function is not adverse and could be beneficial.
Cataracts
Early attempts to reduce blood cholesterol by inhibiting cholesterol biosynthesis were disastrous. Triparanol, which inhibits a late step in the pathway, was introduced into clinical use in the mid 1960s but was soon withdrawn because of the development of cataracts in patients of all ages, as well as a variety of cutaneous adverse effects. 184 These side effects were attributable to tissue accumulation of desmosterol, the substrate for the inhibited enzyme 24-dehydrocholesterol reductase. Statins inhibit HMG-CoA reductase, a much earlier step in the pathway of cholesterol synthesis. In dogs, lovastatin and simvastatin produce subcapsular lens opacities when given in doses well above the maximal human dose. 185 These animal data, the triparanol experience, and some uncontrolled clinical trial extension data with lovastatin showing an increase in lens opacities together raised significant concern. Consequently, the initial prescribing information for lovastatin, simvastatin, and pravastatin required monitoring by slit-lamp examination for detection of lens opacities before starting treatment and periodically thereafter. 
Randomized Controlled Trials
Substantial effort was devoted to evaluating possible adverse effects of lovastatin, simvastatin, and pravastatin on the human lens. In the 48-week EXCEL study previously described in the Muscle section, there were no differences between the lovastatin and placebo groups in rates of lens opacities in any location by slit-lamp examination or in loss of visual acuity. 186, 187 These data allowed the burdensome requirement for slitlamp examination before and during therapy to be removed from the prescribing information in 1991. Longer-term data were later provided by 4S, which randomized 4444 patients to simvastatin 20 to 40 mg or placebo for a median of 5.4 years. 2, 76 Slit-lamp examinations were performed at baseline, 1 year, and the end of the study. Ophthalmological data were available at baseline and at least 1 point during follow-up in 3943 patients (89%). The rates of lens opacities were similar in the simvastatin and placebo groups at baseline and during follow-up, as were the rates of lens opacities subdivided by type: posterior subcapsular, anterior subcapsular, wedges and spokes, nuclear opacity, and nuclear sclerosis.
More recently, HOPE-3 75 and JUPITER 39 reported rates of cataracts without any specific requirement for ophthalmological examinations. Among 12 705 participants randomized to rosuvastatin 10 mg compared with placebo in HOPE-3 and followed up for 5.6 years, there was a small but nominally (ie, without adjustment for the multiple comparisons of adverse event rates) significant increase in surgery for cataracts (3.8% versus 3.1%; P=0.02). In contrast, in JUPITER, in which 17 802 subjects were followed up for 1.9 years, the incidence of cataracts was slightly but not significantly lower in the group allocated to rosuvastatin 20 mg compared with placebo: 180 (2.0%) versus 196 (2.2%). 69 Although the duration of treatment in JUPITER was only one-third of that in HOPE-3, JUPITER was considerably larger, and the dose of rosuvastatin was twice that in HOPE-3. Subdividing patients in JUPITER according to whether or not they attained LDL-C below 50 mg/dL provided no suggestion of a risk attributable to very low LDL-C. 161 In a substudy of another RCT e55
that compared the combination of simvastatin and ezetimibe versus placebo in patients with aortic stenosis, the incidence of cataracts was significantly lower in the simvastatin/ezetimibe group. 
Case-Control and Observational Cohort Studies
Numerous epidemiological studies explored associations between statin treatment and the development of lens opacities or frank cataracts. The hypotheses raised by these studies cover all possibilities: statins can increase the risk of opacities, 189, 190 have a mixed effect, 191 or reduce the risk. 192 Importantly, the magnitude of the associations in the cited studies and others is modest, with increases or decreases in the risk of cataracts or lens opacities typically around 30%. In no case has there been a several-fold increase. As discussed in 1. Assessment of Adverse Events, observational studies are subject to several well-known biases, any of which can account for modest associations, regardless of the size of the study and attempts to reduce bias by statistical techniques.
17,19-21
Conclusion
The preponderance of the evidence indicates that statins in clinical use do not increase the risk of cataracts.
Kidney
This section deals with potential adverse renal effects of statins in patients with normal renal function. The use of statins in patients with CKD is considered in 5.3. Chronic Kidney Disease.
Proteinuria and Renal Function
Rosuvastatin can cause dipstick-positive proteinuria and microscopic hematuria at the maximal dose of 40 mg. 48 These effects are generally transient, not associated with worsening renal function, and of unclear clinical significance. Other statins do not appear to share this effect. A potential mechanism for the proteinuria could be statin-induced reduction of receptor mediated endocytosis, 193 a process by which proximal tubular cells take up albumin, but this explanation does not account for the hematuria. 48 A meta-analysis evaluated proteinuria or albuminuria in 29 RCTs in 4968 adult participants who were treated with statins for at least 6 months. 194 Statin treatment compared with placebo or usual care was associated with a small but statistically significant reduction in proteinuria (−0.65 g per 24 hours; 95% CI, −0.94 to −0.37). Comparison of specific agents in individual trials found that atorvastatin was associated with a greater reduction in proteinuria than rosuvastatin. In a meta-analysis combining published data from 47 trials in 128 601 participants, statin therapy very slightly slowed the rate of decline of estimated glomerular filtration rate per year (by 0.41 mL·min −1 ·1.73 m −2 ) compared with placebo or usual care groups. Importantly, there was no adverse effect of statins on kidney failure rates (as defined in the component RCTs) collectively or for any individual statin, including rosuvastatin. 194 Additional data from a post hoc analysis of TNT found that in ≈6500 participants with normal estimated glomerular filtration rate and in ≈3100 participants with CKD, the incidence of albuminuria was similar among participants allocated to atorvastatin 10 mg and those allocated to atorvastatin 80 mg, which suggests that intensive lipid-lowering therapy with atorvastatin does not affect proteinuria. 195 In the JUPITER trial, conducted in >17 000 patients, there were no significant differences between the rosuvastatin 20 mg and placebo groups in renal safety measures, including doubling of creatinine. 39 There were no differences between groups in the incidence of acute renal failure (19 and 16 cases, respectively, for rosuvastatin and placebo). 69 
Acute Kidney Injury
Statins can cause AKI via rhabdomyolysis, with acute renal failure if there is sufficient myoglobinuria, although fortunately, fatalities have been rare. It is imperative to stop the statin before renal injury occurs. Overall, AKI caused by rhabdomyolysis is a rare adverse event at the recommended doses of all marketed statins, with an incidence of <1 in 10 000 patients treated (see 2.1. Muscle). 19 A retrospective observational study found that higherpotency statins were associated with increased hospitalization rates for acute renal injury compared with lower-potency statins. 196 This study could well be confounded by indication, because sicker patients are potentially more likely to receive higher-potency statins or have baseline comorbidities that further drive hospitalization rates. A pooled analysis of 24 short-and long-term placebo-controlled trials of atorvastatin, as well as separate analyses of 2 long-term cardiovascular outcome trials of high-dose statin versus low-dose statin, including TNT (atorvastatin 80 mg versus atorvastatin 10 mg) and IDEAL (Incremental Decrease in Endpoints Through Aggressive Lipid Lowering; atorvastatin 80 mg versus simvastatin 20 mg), found no difference between atorvastatin and placebo or between high-and low-dose statin in renal-related serious adverse events or withdrawal of treatment because of renal-related serious adverse events. 197 
Perioperative Statins and AKI
AKI is a known complication of cardiac surgery, and practice guidelines have recommended perioperative statins because observational studies evaluating patients undergoing cardiac surgery have found an association with reduced incidence of atrial fibrillation and prevention of cardiac surgical complications including AKI. 198, 199 Two recent RCTs, however, did not find a benefit of perioperative statin therapy on the risk of developing AKI. 200, 201 One of these trials, which randomized 1922 patients undergoing cardiac surgery to rosuvastatin 20 mg/d or placebo, reported a statistically significant 5.4% absolute increase in AKI within 48 hours of surgery (237/960 patients randomized to rosuvastatin versus 186/962 patients randomized to placebo; P=0.005). 200 Another study in 615 perioperative patients undergoing cardiac surgery compared atorvastatin 80 mg/d, and then 40 mg/d, to placebo and found no difference in the risk of developing AKI (the primary end point) among the groups when all participants were considered. 201 In a subgroup of patients (n=36) who were both statin naïve and had prior CKD, there was an increase in AKI (P=0.03), but as with any subgroup analysis that is inconsistent with the main result, the significance of this finding is doubtful. 
Tendonitis and Tendon Rupture
Achilles tenosynovitis can occur in people with FH, who might present with this condition before the diagnosis of FH has been made. 202 In addition, initial statin treatment has been associated with Achilles tenosynovitis in patients with FH, but this reaction might be caused in part by the rapid reduction in cholesterol rather than the statin itself.
Case reports of spontaneous tendonitis or tendon rupture in users of statins (who do not have FH) have been reported since 1990. [203] [204] [205] These reports are rare but have raised the question as to whether statin use increases the risk of tendon complications. All data on tendonitis and tendon rupture are from case reports and observational studies. No large RCT has reported a significant excess of tendon disease in patients taking statin compared with placebo.
In a retrospective analysis of cases reported to 31 French pharmacovigilance centers to determine the rates of tendon rupture or tendonitis among statin users, there were 8 reports of tendinous complications from 1990 to 1995, 32 from 1996 to 2000, and 56 from 2001 to 2005. 205 Because there was no comparator group in people not using statins, it is unknown whether these rates of tendinopathy while being treated with statins are different from rates in people not taking statins. The increase in reports of tendon disorders between 1990 and 2005 could reflect wider statin use. Tendonitis was more common than tendon rupture, and the incidence of tendon disorders was higher in men than in women.
To gain a better understanding of whether statin therapy is related to tendinopathy, a systematic review was conducted that included 3 cohort studies and 1 case-control study. 206 The results were summarized using a best evidence synthesis, and causation was assessed with Bradford Hill criteria. 21 Tendon rupture was the primary outcome in 3 studies [207] [208] [209] and rotator cuff injury in the other. 210 None of the studies found a positive association between statin therapy and tendon rupture for the total study population. In the largest study, in ≈35 000 people taking statins and 70 000 people not taking statins, there was no difference in rates of tendon rupture after adjustment for comorbidities, age, and sex (incidence rate ratio, 1.13; 95% CI, 0.98-1.29). 209 Although 1 small study reported no difference in tendon rupture in the entire cohort (93 case subjects and 279 control subjects), an increase was reported in women. 207 This result should be viewed cautiously because of the small number of female case subjects, as well as the observational nature of the study, thereby precluding a causality inference. In the cohort study that evaluated rotator cuff injury, in 2475 patients with hyperlipidemia followed up for 11 years, with or without statin therapy, there were fewer cases of rotator cuff damage in patients taking statins than in those not taking 210 As an observational study, the data are hypothesis generating, although it is doubtful that a clinical trial will be conducted to evaluate statin treatment for rotator cuff injury.
Conclusions
The only studies of statins and tendonitis or tendon rupture are observational and show no consistent difference between statin users and nonusers. There is no good evidence to suggest that statins increase the risk of tendonitis or tendon rupture.
Cancer
As noted in the nonclinical toxicology section of the prescribing information and elsewhere, 134, 211 statins are not mutagenic. Rodent carcinogenicity studies are required by regulatory agencies to include the maximum tolerated dose over most of the species' adult lifetime. These studies are generally conducted using 3 doses, and the highest statin dose was typically at least 100 mg/kg (ie, >100 times greater than approved human doses per kilogram). Under these conditions, statins produced tumors of the liver and other sites. 134 Details for individual statins are provided in the prescribing information.
There is no evidence for carcinogenicity in humans treated at therapeutic doses. An excess of breast cancer with pravastatin 40 mg/d relative to placebo was noted in one 212 of some 30 cardiovascular outcome trials, and an excess of total cancers in another such study was seen with pravastatin 40 mg/d. 118 A few imbalances are expected when multiple comparisons are made in multiple studies, and these results have not been replicated in other studies with pravastatin 40 mg. 213 A meta-analysis using individual patient records from 27 statin cardiovascular outcome trials provided no evidence for any carcinogenic effect over a median follow-up of 5 years in ≈175 000 participants, with almost identical numbers developing cancer with statin or control therapy. 214 There was no effect of statin treatment on cancer incidence or mortality, collectively or at individual sites, nor was there any evidence that reducing LDL-C to particularly low levels increased the risk of cancer. A few RCTs have followed up study participants for ≥10 years after the original study termination date, and these too have found no suggestion of a carcinogenic effect. [215] [216] [217] [218] [219] A large study using the Danish national registry found reduced cancer mortality and increased cardiovascular mortality in patients who had started taking a statin before the diagnosis of cancer. 220 The latter finding is attributable to bias by indication: statins are prescribed to patients who have or are at high risk of developing atherosclerotic CVD. Given that RCTs consistently show no difference between statin and placebo in cancer incidence or mortality, lower cancer mortality in patients taking statins is also very likely the result of ≥1 of the biases that can distort the results of most epidemiological studies. The authors were careful to conclude that their results were no more than hypothesis generating.
The wealth of data on the incidence of cancer in statin cardiovascular trials and their extensions has been well summarized by Collins et al.
Conclusions
To the extent that the question can be answered given the constraint that RCTs longer than 5 to 7 years are not feasible, statins do not cause cancer. The quantity and quality of cancer incidence data available for statins from RCTs is probably unmatched by any other drug class.
Drug-Drug Interactions
Statin metabolism and drug interactions have been covered in depth by the 2016 American Heart Association scientific statement, "Recommendations for Management of Clinically Significant Drug-Drug Interactions With Statins and Select Agents Used in Patients With Cardiovascular Disease," 221 and therefore only a brief description is provided here. In addition, the sections of the statin prescribing information that present information on drug interactions are a particularly useful and concise source of information. Pharmaceutical manufacturers and regulatory agencies are responsible for ensuring that the prescribing information for statins and interacting drugs is updated as new interactions are discovered. However, the drug-drug interactions listed in the package insert are not exhaustive, so having an understanding of the pharmacokinetics of both the substrate and interacting drug is important.
Pharmacokinetics of Statins Relevant to Drug Interactions
The pharmacokinetics of statins, summarized in Table 5 , are complex. 52 Statins are administered orally as active hydroxy acids, except for lovastatin and simvastatin, which are administrated as lactone prodrugs hydrolyzed in vivo to the active hydroxy acid forms. 52, 222 Bioavailability, defined as the percentage of administered drug that reaches the systemic circulation, is low for all statins, particularly so for simvastatin and lovastatin (≈5%), whereas pitavastatin has the highest (≈50%) bioavailability of the statin class. 221 All statins undergo hepatic first-pass metabolism, particularly lovastatin and simvastatin, which accounts for their low bioavailability. 52, 223, 224 The site of action of statins is the liver, where inhibition of HMG-CoA reductase temporarily depletes intracellular cholesterol and in turn induces production of LDL receptors. Therefore, low bioavailability is in principle useful to reduce plasma HMGCoA reductase inhibitory activity in the systemic circulation, where it is not needed. Drugs with very low bioavailability because of extensive hepatic first-pass metabolism, such as simvastatin and lovastatin, tend to be more vulnerable to drug interactions, as discussed in 3.5. Drug Interactions With Statins (see discussion of Table 6 ).
Statin Disposition and Metabolism
Statin metabolism begins with hepatic uptake, then metabolism, and finally elimination largely into either the circulation or biliary tract. Statin metabolism requires an interplay of both influx and efflux drug membrane transporters, together with metabolism usually mediated by cytochrome P450 (CYP450) isoenzymes and by glucuronidation. 224 The organic anion transporting polypeptides OATP1B1 and OATP1B3 (organic anion transporting polypeptide 1B3) (organic anion transporting polypeptide 1B3) are primarily responsible for transporting drug substrates from the portal circulation into hepatocytes for metabolism and elimination. All statins are substrates of OATP1B1 or OATP1B3 (online Appendix 3, Table II ). The statins that are lactone prodrugs, simvastatin and lovastatin, are hydrolyzed to their hydroxy acid forms either chemically or enzymatically by esterases or paraoxonases. 225 Statins rapidly undergo oxidation through microsomal CYP450. The CYP450 isoenzyme family consists of series of oxidative enzymes involved in the biosynthesis of several physiologically important compounds (eg, steroids and fatty acids), as well as drug metabolism. Most of the CYP450 enzymes are expressed in the liver, but they can be found in significant concentrations in the gastrointestinal tract.
More than 50 different CYP450 enzymes have been isolated in humans; however, only a select few (ie, CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5) are responsible for drug metabolism. 221 The CYP3A4 isoenzyme is the microsomal enzyme that metabolizes lovastatin, simvastatin, and atorvastatin, whereas CYP2C9 is responsible for metabolism of fluvastatin, pitavastatin, and rosuvastatin (Table 5) . 226 Pravastatin is the only statin that is not metabolized by the CYP isoenzyme family. 
Excretion
Both the liver and kidney are involved in the elimination of statins from the systemic circulation via bile into the feces and urine, respectively. Hepatic elimination of statins is mediated by hepatic drug membrane transporters, including OATP1B1 and P-glycoprotein. 221, 224, 227 The urinary excretion of statins is quite low, with pravastatin being the highest (20%) and atorvastatin the lowest (<2%).
The plasma half-life is relatively short for fluvastatin, lovastatin, and simvastatin, which are dosed in the evening, or in the case of lovastatin and fluvastatin, formulated as extendedrelease preparations. Dosing of short-acting statins in the evening is more effective than in the morning 228 because hepatic cholesterol biosynthesis reaches a peak at night. 229 Because the mechanism of action of statins is through induction of the LDL receptor, 230 which has a half-life of ≈24 hours, 231 short-acting statins can be effective. Because atorvastatin, pitavastatin, and rosuvastatin have longer half-lives, these statins can be administered at any time of day.
Genomic Variation and Effect on Statin Pharmacokinetics
As the focus on precision medicine has increased over the past decade, so has the growth of the field of pharmacogenomics. Single-nucleotide polymorphisms that code for specific drug membrane transporters or phase I metabolic enzymes in individuals and specific ethnic populations have been associated with increased statin exposure and potentially greater risk of adverse effects. 232 The OATP1B1 (SLBO1B1) and breast cancer resistance protein (ABCG2) genes have been the most studied. 227, 233 However, among all the loci identified, only the *5 allele of the SLCO1B1 gene has been clearly associated with reduced clearance 59 and a higher risk of statininduced myopathy, 53 thus far demonstrated only in the case of simvastatin.
Drug Interactions With Statins
With one important exception, statins are "victims" of drug interactions, not "perpetrators." If drug A changes the pharmacokinetics, effectiveness, or adverse effect profile of drug B, we refer to drug A as the perpetrator and drug B as the victim. The only established case in which statins affect the action of another drug is warfarin (and potentially other vitamin K antagonists), via an unknown mechanism. As described in the prescribing information, simvastatin, lovastatin, and rosuvastatin modestly potentiate the action of warfarin, which leads to an increased international normalized ratio, which could require reduction in anticoagulant drug dosage. In most other statin drug interactions, other drugs increase the systemic plasma concentration of the statin or its active metabolites and thus increase plasma HMG-CoA reductase inhibitory activity, which is known to increase the risk of myopathy, including rhabdomyolysis. Most commonly, this is because of inhibition of ≥1 of CYP3A4, OAT1B1, and P-glycoprotein. Because the mechanism is competitive inhibition, most drugs perpetrating pharmacokinetic interactions with statins are given in usual doses of at least 100 mg/d in adults, and often several hundred milligrams. This is true for all the interacting drugs shown in Table 6 except amlodipine and colchicine. According to the simvastatin prescribing information, amlodipine increases the plasma concentration of simvastatin acid (the principal active metabolite) by ≈60%, a relatively weak interaction. According to its prescribing information, colchicine has been associated with rhabdomyolysis in the absence of a statin, and it has not been shown to affect the pharmacokinetics of any statin. In general, if the usual adult daily dose of a drug is ≤50 mg, it is unlikely to have an important effect on the pharmacokinetics of any statin.
Grapefruit juice contains furanocoumarins that inhibit CYP3A4. 234 The prescribing information notes this effect in patients treated with statins that are processed through this pathway (lovastatin, simvastatin, atorvastatin) and recommends avoiding grapefruit juice in the case of lovastatin and simvastatin, which have very similar pharmacokinetic characteristics. Concomitant grapefruit juice substantially increases the plasma concentrations of these statins and their active metabolites, 235 which increases the risk of myopathy. However, the effect is modest if they are taken as recommended in the evening and grapefruit juice (200 mL) is consumed in the morning. 236 Consumption of half a grapefruit a few times weekly is unlikely to be clinically consequential in patients taking simvastatin or lovastatin. An unusually large quantity, 600 mL daily of double-strength juice (ie, typically dilution of frozen concentrate with an equal volume of water) produces a 4.5-fold increase in the plasma concentration area under the curve (AUC) of simvastatin acid, the principal active metabolite, 237 and should be avoided. Daily consumption of 300 mL of grapefruit juice has minimal effects on the pharmacokinetics of atorvastatin. 234 In the case of pharmacokinetic interactions, the FDA takes into account the following 2 measures: the maximal or peak serum concentration (Cmax) and AUC, the plasma drug concentration-time curve that reflects total body exposure to a medication after administration. 224 For the purpose of making clinical recommendations for the management of statin-drug interactions, an increase in the statin AUC is primarily used, because this measure is consistent with many drug-drug interaction studies. A proposed ranking of the clinical significance of statin-drug interaction is dependent on change in statin AUC when administered with another drug: 1.25-to <2-fold increase (minor), >2-to 4.9-fold increase (moderate), and >5-fold increase (severe). Table 6 is not intended to be comprehensive but shows the principal statin drug interactions that increase the risk of myopathy, as of January 2018. In most cases, this is because of inhibition of pathways involved in statin elimination, especially CYP3A4. Simvastatin and lovastatin are the most vulnerable. As shown in Table 5 , they are CYP3A4 substrates, with a low bioavailability because of extensive first-pass hepatic metabolism. 52 Because only ≈5% passes into the systemic circulation, which indicates that 95% is eliminated by the liver, relatively minor inhibition of hepatic elimination of simvastatin and lovastatin can greatly increase their plasma concentrations. For example, if first-pass metabolism is reduced from 95% to 75%, in principle, bioavailability will be increased to 25%, and plasma concentrations of their active metabolites increased 5-fold. Therefore, attention to concomitant therapy is particularly important during treatment with these 2 statins. The importance of drug interactions was apparent in HPS: of the 7 patients allocated to simvastatin 40 mg who developed myopathy/rhabdomyolysis, 4 were taking an interacting CYP3A4 inhibitor (verapamil and erythromycin were each taken by 2 patients). 38 The fibrate gemfibrozil can cause myopathy/rhabdomyolysis when given alone. 23, 239 In addition, gemfibrozil is an inhibitor of OATP1B1 and increases the plasma concentration of several statins or their active metabolites. 52 It has also been reported to inhibit the glucuronidation of statins. 240 For these reasons, the gemfibrozil prescribing information advises against concomitant use with all statins. In contrast, fenofibrate has little if any potential to cause myopathy/ rhabdomyolysis when given alone or with a statin 239 and has no clinically important pharmacokinetic interaction with any statin. Nevertheless, the FDA advises caution when statins and fenofibrate are used concomitantly.
Conclusions
There is considerable variation in the metabolic pathways for the elimination of different statins, and there are numerous important drug interactions, especially with simvastatin and lovastatin. Some statins modestly potentiate the anticoagulant activity of warfarin through an unknown mechanism, but with this exception, statins are always victims of drug interactions, not perpetrators. Interacting drugs can produce large increases in the plasma concentrations of the statin or active metabolites, which in turn increases the risk of myopathy, including rhabdomyolysis. 
HIV protease inhibitors and other antiretroviral drugs, hepatitis C protease inhibitors Numerous interactions; see prescribing information and online Appendix 3, Tables III−V Atorva indicates atorvastatin; C, caution advised; Fluva, fluvastatin; Lova, lovastatin; NDA, no interaction requiring dose adjustment; Pitava, pitavastatin; Prava, pravastatin; Rosuva, rosuvastatin; and Simva, simvastatin.
*Doses (mg) are the maximum statin dose recommended if the interacting drug must be given concomitantly. †Azithromycin is an azalide, not a macrolide, and has minimal effects on statin pharmacokinetics.
Demographic Considerations
Older Adults
As a general rule, drugs are eliminated more slowly in the elderly, both via the kidney, because of a lower glomerular filtration rate, and by the liver, because of less effective metabolizing and conjugating enzymes. Consequently, the plasma concentration AUC and the plasma half-life tend to be greater in older people. Clinicians frequently compensate for this by avoiding maximal recommended doses in older patients, especially when using drugs with a narrow therapeutic index. In addition, older people often have >1 disease and consequently are often taking multiple drugs, which increases the risk of drug interactions, although the risk can be reduced substantially by careful attention to all relevant prescribing information.
Statins are no exception to this general rule. With the possible exception of rosuvastatin, the mean AUC with all statins is moderately increased in older patients. Details can be found in the prescribing information, which does not recommend dosage reduction based on age-related pharmacokinetic factors alone.
Approximately 30 statin cardiovascular outcome trials have been performed, typically with several thousand patients followed up for 4 to 5 years. Some of these excluded patients >70 years of age, but many did not, and 1 study, PROSPER, 118 specifically enrolled patients 70 to 82 years of age. In the HPS 47 and GISSI-HF (Gruppo Italiano per lo Studio della Sopravvivenza nell'infarto Miocardico−Heart Failure) trials, 36 5806 and 2014 participants, respectively, were at least 70 years of age, and in CORONA (Controlled Rosuvastatin Multinational Trial in Heart Failure), 35 2054 participants, all with heart failure, were ≥75 years of age. Safety data were published for the patients 65 to 75 years of age who participated in CARDS 241 and for patients ≥70 years of age in JUPITER. 242 No differences were observed in the rate of adverse events between older and younger patients and between older patients allocated to treatment versus those allocated to placebo.
In PROSPER, which compared pravastatin 40 mg to placebo in men and women 70 to 82 years of age with or at high risk for vascular disease, serious adverse event rates were similar between groups, and there were no cases of rhabdomyolysis. As noted in 2.4.2. Central Nervous System Function, cognitive function, assessed prospectively, did not differ between the 2 groups, declining at the same rate in each.
In a nested case-control study of new users of lipidlowering medications, risk factors for rhabdomyolysis were evaluated. 54 Age was the single most important risk factor. Compared with statin users <65 years of age, those ≥65 years of age had >4 times the risk of rhabdomyolysis (OR, 4.36; 95% CI, 1.45-14.13). A limitation of this study was that there were very few cases of rhabdomyolysis among the large number of statin users. 54 SEARCH, 40 which involved 12 000 high-risk participants, previously described in the Muscle section, found 53 cases of myopathy in the simvastatin 80 mg group compared with 2 in the simvastatin 20 mg group. There were also a similar number of cases of incipient myopathy, which were combined with the myopathy cases to increase statistical power. 53 The 98 cases thus obtained are far more than in any other study, which permits an analysis of risk factors. Age ≥65 years was associated with an approximately doubled rate of statin-induced myopathy/incipient myopathy, and it is likely that a similar result would be obtained with myopathy alone, if there were a sufficient number of cases.
Conclusions
Large, randomized cardiovascular outcome trials of statins have evaluated people ≥65 years of age, including those in their 70s and 80s, for treatment periods of ≈3 to 5 years. On the basis of these data, there is no evidence that statins are unsafe in older people, although the risk of myopathy/rhabdomyolysis could be approximately twice that in younger people. This, however, remains a rare adverse effect. Because older people often have multiple comorbidities and concomitant medications and are more vulnerable to adverse events, clinicians must carefully evaluate benefit versus risk of statin therapy, including the potential for drug interactions, priorities of care, and patient preferences.
Children and Adolescents
Most children treated with statins have heterozygous FH. Other chronic disease states known to increase risk of atherosclerosis could prompt consideration of statin therapy. 243 These include CKD, Kawasaki disease with coronary artery aneurysms, various cancers, HIV infection, chronic inflammatory conditions such as juvenile rheumatoid arthritis and systemic lupus erythematosus, and solid organ transplantation. 243 The FDA approved lovastatin for use in children with FH ≥10 years of age in 2002, followed by simvastatin, atorvastatin, and fluvastatin; pravastatin and rosuvastatin are approved for use beginning at 8 years of age. There is no recommendation for statin dose adjustments based on body weight; generally, the lowest recommended daily dose is initiated and titrated up based on LDL-C levels. The safety of dose escalation has been explored in several clinical trials in children, with no additional safety issues identified. 244 Most children in studies evaluating statins have had diagnoses of heterozygous FH and were generally otherwise healthy, although of course, LDL-C levels were very high and their lifetime risk for CVD was markedly increased. Few studies have explored the safety of statin use in a pediatric cardiac transplant population or in the other disease conditions mentioned above.
The American Heart Association and the American Academy of Pediatrics have both recommended statin therapy for children with high-risk lipid abnormalities as early as 8 years of age. 243, 245, 246 Monitoring of muscle enzymes (CK) should be performed as needed based on clinical concern; liver enzymes (AST and ALT) should be monitored periodically.
All female adolescents and preadolescents should receive counseling about statin contraindications during pregnancy. 243 The potential for long-term adverse effects of a lifelong medication initiated in childhood should be considered. However, to date, there is no evidence that statin therapy is unsafe in children and adolescents 8 to 10 years of age and older. Overall, children report fewer side effects during treatment with statins than adults.
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It is anticipated that the same drug-drug interactions in adults taking statins, described in 3. Drug-Drug Interactions, apply to children. Statins are well tolerated, with no interactions, when taken with commonly prescribed medications in children and adolescents, such as acne medications, oral contraceptives, and psychotropic medications.
A variety of RCTs, meta-analyses, and observational studies have examined adverse effects of statin therapy in children with heterozygous FH. A 2014 meta-analysis of study-level data by Vuorio et al 248 included 8 randomized, double-blind, placebo-controlled studies (total of 1074 participants, mostly with FH), and 6 of these provided safety data for lovastatin, simvastatin, pravastatin, atorvastatin, and rosuvastatin. No safety problems were noted, although the mean treatment period was only 6 months. A 2014 systematic review by the US Preventive Services Task Force concluded that statins were usually well tolerated in children with FH and that adverse events reported did not differ significantly in statin and placebo groups. 249 A trial 250 of pitavastatin in children and adolescents 6 to 17 years of age was published after the above-mentioned meta-analysis and found no evidence for safety concerns during a 12-week double-blind, placebo-controlled period and a 52-week open-label extension.
Hepatic Side Effects
Fewer than 5% of children treated with statins have been reported to have transient elevations >3 times the ULN in AST and ALT. [251] [252] [253] [254] [255] [256] Meta-analysis found no significant difference between statin and placebo. 
Musculoskeletal Side Effects
No cases of myopathy or rhabdomyolysis have been reported in RCTs in children taking statins. 248, 250 Asymptomatic elevations in CK levels >10 times the ULN have occasionally been reported in children in placebo-controlled trials, 251, 252, 254 but in a meta-analysis of study-level data from all trials that reported >10-fold elevations in CK, there was no significant difference between statin and placebo. 
Effects on Growth Velocity
Statins do not affect height and weight increases during maturation. [250] [251] [252] [253] [256] [257] [258] 
Sexual Maturation
There have been no differences between statin and placebo groups in relation to sexual maturation as measured by Tanner staging. 248, 259 Statins did not affect the levels of estradiol in girls or testosterone in boys, nor of follicle-stimulating hormone and luteinizing hormone. 252, 256, 260 Long-term safety data in FH are discussed in 5.1. Familial Hypercholesterolemia.
Safety and Tolerability of Statins in Other Chronic Childhood Diseases
Although the data are limited, RCTs and observational studies of statins in children with type 1 diabetes mellitus, systemic lupus erythematosus, Kawasaki disease, or polycystic kidney disease have been conducted. Only RCTs will be discussed here.
In 1 placebo-controlled trial evaluating atorvastatin 10 to 20 mg over 6 months in 42 children with type 1 diabetes mellitus (15±0.3 years of age), insulin sensitivity scores remained constant in both groups, and atorvastatin was well tolerated. One subject had asymptomatic elevation of CK >10 times the ULN that normalized after atorvastatin discontinuation. 261 In a 3-year double-blind RCT comparing atorvastatin 10 to 20 mg/d and placebo in 221 children and adolescents with systemic lupus erythematosus (10-20 years of age), safety end points, including Tanner staging, and liver and muscle adverse events did not differ between groups. 262 A randomized, double-blind, placebo-controlled trial of pravastatin 20 to 40 mg/d administered for 3 years in 110 children and young adults (8-22 years of age) with autosomal dominant polycystic kidney disease and normal kidney function found that pravastatin slowed progression of structural kidney disease with no untoward effects. 
Conclusions
Statins do not appear to affect growth or pubertal development, and there is no evidence of any other undesirable effects in children. Because statin treatment started in children is to be continued for life, collection of long-term safety data should continue whenever feasible.
East Asians
Since statins were first introduced ≈30 years ago, East Asians (in their home countries) have generally been prescribed lower doses of statins because of the belief that they are more sensitive to medications and have increased responses compared with Western populations. In the case of rosuvastatin, the US prescribing information suggests lower doses for patients of East Asian ancestry because of increased systemic exposure. 77, 264 This was at first based on lower East Asian body mass, but the difference is now believed to be related to pharmacogenetic factors, with differences in metabolism of statins by enzymes and disposition by membrane transporters. 233, [265] [266] [267] [268] [269] 
Variation in Statin Systemic Exposure
Pharmacokinetic studies have found somewhat higher plasma concentrations (up to ≈2-fold) of some statins or their active metabolites in subjects of East Asian ethnicity compared with whites. This has been demonstrated most clearly for rosuvastatin 267, 270, 271 but also for atorvastatin. 268 For rosuvastatin, a 5 mg starting dose is recommended in East Asian patients. The evidence for simvastatin is conflicting, 268, 272 but the US prescribing information advises caution if the dose exceeds 20 mg in patients of Chinese origin taking lipid-lowering doses of niacin-containing products. This is based on the results of the THRIVE (Treatment of HDL to Reduce the Incidence of Vascular Events) RCT. 273 Pharmacokinetic studies of pitavastatin showed no differences in plasma levels in East Asians and whites. 272, 274 
Statin-Associated Adverse Events in Clinical Trials
HPS2-THRIVE 275 included 25 673 patients with preexisting CVD all treated with simvastatin 40 mg/d, plus ezetimibe 10 mg/d in patients in whom simvastatin alone did not reduce total cholesterol below 3.5 mmol/L. The study population was 60% northern European (in the United Kingdom and Scandinavia) and 40% Chinese. Participants were randomized to extendedrelease niacin/laropiprant or placebo and followed up for a median of 4 years. 275 In China, 13 cases (0.17%) of myopathy 275 One of the 3 RCTs (of 12 total) to show a difference in myalgia rates between statin and placebo was HOPE-3, with 5.8% on rosuvastatin 10 mg versus 4.7% on placebo (P=0.005). The patient population in HOPE-3 75 was much more ethnically diverse than in most previous statin cardiovascular outcome trials; in particular, 29% of the participants were Chinese. The distribution of myalgia among the ethnic groups in HOPE- 3 has not yet been reported.
Conclusions
Pharmacokinetic studies suggest greater plasma concentrations of some statins or their active metabolites in subjects of East Asian ethnicity compared with whites. This appears to reflect differences in the prevalence of variant alleles coding for statin-metabolizing enzymes and membrane transporters. Chinese patients appear to be more susceptible to myopathy induced by simvastatin. This is not necessarily a consequence of pharmacokinetic differences; it could be a class effect that reflects greater sensitivity of East Asians to statins in general. Lower doses of statins in East Asians have been recommended by some organizations, as well as in the prescribing information of rosuvastatin and simvastatin.
Pregnancy and Breastfeeding
The original developmental toxicity studies in rats and rabbits with the first statin available for prescription, lovastatin, produced evidence of fetal abnormalities, predominantly skeletal defects, in rats at a dose of 800 mg·kg −1 ·d −1 . 134 These effects could be reversed or attenuated by coadministration of mevalonate, 276 the product of the enzyme HMG-CoA reductase. On the basis of these results, coupled with concern about the need of the developing fetus for cholesterol for cell membranes and steroidogenesis, lovastatin was contraindicated for use in pregnancy and labeled category X. In 2014, the FDA announced 277 that categorization of risk to the fetus as A, B, C, D, or X would be phased out and replaced by more descriptive language.
Although fetal abnormalities were not observed in developmental toxicity studies of subsequent statins, 278 all received the category X designation. In addition, the original findings with lovastatin were later shown to be a result of maternal toxicity. This toxicity is largely reversible in the rat despite continued dosing; preventing maternal toxicity during gestation by starting dosing earlier prevented fetal abnormalities. 279 Several studies have examined the outcome of pregnancy after statin exposure. Prospective studies, in which pregnant women are followed up through delivery after exposure to a statin in early pregnancy, are more reliable than retrospective studies. In the latter, women who have delivered an infant with a congenital abnormality and matched women who have delivered a normal infant are asked about drug exposure during pregnancy, but this is subject to recall bias. 278 In recent years, there have been 3 overviews [280] [281] [282] of the prospective and retrospective studies investigating possible relationships between gestational exposure to a statin and the outcome of pregnancy. None have found a relationship between statin exposure and any particular congenital abnormality or congenital abnormalities collectively. However, the number of cases with gestational statin exposure and known outcome of pregnancy is limited to a few thousand, so that statistical power is quite limited.
Many women are postponing pregnancy until well into their 30s or later, and an increasing number of women are taking a statin at this age, particularly those with FH or diabetes mellitus. 283 A statin should never be prescribed for a woman who is pregnant or trying to conceive, but half of all pregnancies are unplanned, and so a pregnancy can occur in a woman taking a statin. Inadvertent exposure to a statin during early pregnancy is no longer a rare event, and patients might seek advice on the risk to the fetus in such a situation. Statin exposure during pregnancy can be associated with increased rates of therapeutic abortion, which could reflect either the generally unplanned nature of such pregnancies, fear of statininduced fetal abnormalities, or both. 280 Given the absence of teratogenic effects, providing maternal toxicity is prevented, in high-dose animal studies and the lack of known adverse outcomes from inadvertent statin exposure during human pregnancies, it is unlikely that any statin is a major teratogen. Despite this, however, moderate increases in the risk of any fetal developmental abnormality cannot be excluded.
Statins are contraindicated during lactation because of the potential for transfer into breast milk.
Conclusions
The available evidence does not suggest any major hazard but also does not prove that statins are safe in pregnancy. All statins therefore remain contraindicated in pregnancy, but a woman exposed to a statin during pregnancy can be reassured that the risk of a fetal abnormality is unlikely to be much greater than the background risk, if it is increased at all. Because a definitive answer is not possible, careful screening for congenital abnormalities in utero using ultrasound and other techniques is appropriate in the event of statin exposure in early pregnancy and might provide some assurance to a woman deciding whether to carry the pregnancy to term.
Patients With Specific Diseases
Familial Hypercholesterolemia
FH is a cause of premature atherosclerotic disease 246 and is associated with a dramatic 10-to 20-fold increased risk of cardiovascular events. 284 Patients with FH could theoretically have more risk of statin adverse effects as a consequence of initiation of statin therapy at a young age, lifelong exposure to statins, and increased use of high doses of high-potency statins in combination with other LDL-lowering medications. This section is confined to adults; statin safety in children with FH is addressed in 4.2. Children and Adolescents.
Although the majority of the data demonstrating risks and benefits of treatment with statins were generated from largescale, double-blind, placebo-controlled RCTs in patients without FH, there are smaller studies that have specifically targeted patients with FH, including some very early studies 230, 285 that were instrumental in restarting the development of the first marketed statin, lovastatin, after it had been halted because of reports of serious animal toxicity in a related compound. 15, 286 The good tolerability and efficacy in these studies were confirmed in a phase II placebo-controlled study with lovastatin in 101 patients. 287 Hence, the very first documentation of the safety and efficacy of lovastatin in humans was largely in patients with FH.
Adrenal Safety
Early in the development of statins, there was a concern that inhibition of HMG-CoA reductase might lead to adrenal insufficiency as a consequence of decreased cholesterol substrate for cortisol synthesis in patients with FH resulting from decreased LDL receptor activity in the context of decreased cholesterol synthesis, but this was shown not to be the case. 175 Possible effects of statins on steroidogenesis in patients without FH have been previously addressed in Steroidogenesis.
Long-term Treatment and Safety
There are no large, long-term RCTs comparing statin and placebo in adults with FH. Several longitudinal studies have assessed the long-term safety of statins in patients with FH treated for up to 10 years, and none have indicated a concern. [288] [289] [290] These did not identify any new findings compared with studies in patients without FH.
Conclusion
Statin safety appears to be similar in patients with FH and those who do not have FH.
Prior Intracranial Hemorrhage
There are only very limited data addressing the potential benefits and risks of statins in patients with a history of intracerebral hemorrhage. In SPARCL (see 2.4.1. Hemorrhagic Stroke), ≈2% (n=93) of 4731 subjects with stroke or transient ischemic attack at entry had an intracerebral hemorrhage as an entry event. 291 Overall, 88 subjects (55 statin treated and 33 given placebo) had a within-trial outcome of brain hemorrhage. Although underpowered for exploratory subgroup analyses, in addition to statin treatment (HR, 1.68; 95% CI, 1.09-2.59), Cox multivariable regression including baseline variables significant in univariable analyses showed that recurrent hemorrhagic stroke risk was higher in those having a hemorrhagic stroke as the entry event (HR, 5.65; 95% CI, 2.82-11.30), in men (HR, 1.79; 95% CI, 1.13-2.84), and with age (10-year increments; HR 1.42; 95% CI, 1.16-1.74). There were no statistical interactions between any of these factors and statin treatment. HR point estimates were consistent with a reduction in recurrent stroke in those with a baseline ischemic stroke (HR, 0.60; 95% CI, 0.48-0.99), but there was no similar reduction among those with a baseline hemorrhagic stroke (HR, 0.80; 95% CI, 0.62-1.27).
Given the overall lack of relevant data, a decision analytic model that simulated clinical trials was used to provide guidance on the use of statins after intracerebral hemorrhage. 292 Data regarding the risk of intracerebral hemorrhage in patients with recent intracerebral hemorrhage associated with statin use came from the SPARCL trial. Some statins (simvastatin, lovastatin, and rosuvastatin) moderately potentiate the anticoagulant activity of warfarin (see 3. Drug-Drug Interactions), but atorvastatin, which does not, was the statin used in SPARCL. A strategy of avoiding statins was favored, particularly among those with a prior lobar hemorrhage regardless of a history of prior CVD. In the setting of primary prevention of ischemic stroke, statin therapy was found to lead to 0.8 quality-adjusted life-years lost (13.0 versus 12.2). The loss was estimated to be smaller in the setting of patients with a history of previous MI (0.2 quality-adjusted life-years). One limitation of this analysis is that because of the lack of clinical trial data for different statins at different doses, the data in this model for risk of intracerebral hemorrhage came from 1 trial, which used 1 statin at its highest dose.
This analysis antedated a retrospective cohort study that included 3481 patients with an intracerebral hemorrhage admitted to any of 20 hospitals over a 10-year period (in SPARCL, subjects were randomized 1-6 months after brain hemorrhage). 293 Compared with nonusers, those who received a statin during the hospitalization had a higher 30-day survival (OR, 4.25; 95% CI, 3.46-5.23) and were more likely to be discharged home or to short-term rehabilitation (OR, 2.57; 95% CI, 2.16-3.06). Those who were receiving a statin before the intracerebral hemorrhage in whom the statin was stopped during the hospitalization had a lower 30-day survival (OR, 0.16; 95% CI, 0.12-0.21) and were less likely to be discharged home or to short-term rehabilitation (OR, 0.26; 95% CI, 0.20-0.35). The study, however, was not randomized and was therefore subject to the biases associated with observational trials, and the data are restricted to short-term statin use.
Conclusions
On the basis of the limited available data, it might be prudent to avoid initiating statin therapy in patients with a prior intracerebral hemorrhage but to continue statin therapy during hospitalization for intracerebral hemorrhage if the risk of ischemic stroke and other cardiovascular events is judged to be high enough to justify the uncertain risk of statin-associated recurrent intracerebral hemorrhage.
Chronic Kidney Disease
Patients with CKD have significantly increased risk for CVD. Statins, with the exception of atorvastatin and fluvastatin, are subject to some excretion in urine (10%-20% of total excretion), and impaired renal function could lead to increased systemic exposure and increased potential for harm. CKD is a continuum, and the use of statins, as well as the potential for impaired clearance, depends on the CKD stage (online Appendix 3, Table VI ). In patients with end-stage renal disease and patients who have undergone renal transplantation (see 5.6. Transplantation), there are other potential safety concerns because of limited clearance of the drug by dialysis and potential for drug interactions with commonly used immunosuppressive agents in transplantation patients (see 3. Drug-Drug Interactions and 5.6. Transplantation). but not in patients on dialysis. [55] [56] [57] 296 The following sections summarize data for statin safety by CKD stages.
CKD Stages 2 Through 4
UK-HARP-I (United Kingdom Heart and Renal Protection Study I) was a double-blind, placebo-controlled RCT that evaluated the efficacy and safety of simvastatin 20 mg in 448 patients with CKD, who were treated for 1 year. 297 There were no significant differences between groups in muscle pain (16% versus 11%, simvastatin and placebo, respectively), muscle weakness, elevations in CK, or liver function tests (LFTs). 297 SHARP evaluated major atherosclerotic events in 9720 patients with CKD randomized to ezetimibe 10 mg/d plus simvastatin 20 mg or to placebo. 295 The study included 2527 patients on hemodialysis and 496 on peritoneal dialysis. The mean estimated glomerular filtration rate at baseline was 26.6 mL·min −1 ·1.73 m −2 excluding the one-third of patients on maintenance dialysis. Overall, during a mean treatment period of 5 years, ezetimibe/simvastatin reduced the risk of major adverse atherosclerotic events by17% (P=0.0021) in the total population. This result showed no heterogeneity between dialysis and nondialysis patients. In the first year of the trial, the safety of simvastatin 20 mg was assessed in 1054 patients randomized to simvastatin 20 mg compared with 4191 patients randomized to placebo and 4193 patients randomized to ezetimibe plus simvastatin. 57 During this period, there were no differences between subjects allocated to simvastatin 20 mg or placebo in muscle pain, elevations in CK (in the total population and in patients on dialysis or not on dialysis), persistently elevated liver transaminases, hepatitis, complications of gallstones, hospitalizations for gallstones, or pancreatitis. Subsequently, those patients allocated to simvastatin 20 mg were re-randomized to placebo or ezetimibe/simvastatin and followed up for 4 years. Long-term safety data were similar in the 2 treatment groups. 295 
Hemodialysis
The safety of atorvastatin 20 mg and rosuvastatin 10 mg in patients on dialysis has been evaluated in 2 double-blind, placebo-controlled, long-term cardiovascular outcome trials. The 4D study (German Diabetes and Dialysis Study) in 1255 patients with type 2 diabetes mellitus on maintenance hemodialysis found no significant effect of atorvastatin 20 mg on the primary end point (cardiac death, nonfatal MI, or stroke) during a median follow-up of 4 years. 55 Of note, fatal stroke was significantly increased in the atorvastatin group (RR, 2.03; 95% CI, 1.05-3.93; P=0.04), but nonfatal stroke, total mortality, and noncardiovascular mortality did not differ among the groups. No subject developed rhabdomyolysis or severe liver disease. 55 AURORA compared rosuvastatin 10 mg/d and placebo in 2776 patients on maintenance hemodialysis who had not taken statins in the preceding 6 months. 56 Rosuvastatin did not significantly reduce the primary composite end point (cardiovascular death, nonfatal MI, or nonfatal stroke) or individual components of the end point after a median follow-up of 3.8 years. Unlike 4D, rates of fatal stroke were not increased in patients allocated to rosuvastatin. There were 3 cases of rhabdomyolysis in the rosuvastatin group and 2 in the placebo group. Elevations in ALT or CK were rare (<0.5%) and similar between groups. 56 Infections, gastrointestinal disorders, musculoskeletal disorders, and newly diagnosed diabetes mellitus did not differ between the groups.
Thus, in patients on hemodialysis, use of statins is not routinely recommended, because there is no clear evidence of cardiovascular benefit. Statins appear safe in this population with advanced disease and multiple concomitant medications.
Peritoneal Dialysis
There are fewer data available on the safety of statins in patients on peritoneal dialysis. Several small clinical studies, as well as the UK-HARP 297 and SHARP 295 trials, which included some patients on peritoneal dialysis, have found no evidence of harm. [298] [299] [300] [301] [302] 
Renal Transplantation
The safety of statin therapy after kidney transplantation is covered in the Transplantation section.
Progression of Renal Disease
SHARP included a prespecified renal end point (progression to end-stage renal disease and doubling of serum creatinine); there was no evidence for benefit or harm. 303 A meta-analysis of published data from 20 trials of statins, with 6452 subjects with CKD, demonstrated a small but significant increase in estimated glomerular filtration rate (0.5 mL·min
relative to placebo) between 1 and 3 years of statin therapy but no increase after 3 years of therapy. 304 Thus, there is no evidence that statins cause renal deterioration in patients with CKD.
Conclusions
Statins are safe in patients with CKD stages 2 through 4 and in patients on dialysis. There is, however, no clear evidence for cardiovascular benefit in dialysis patients.
Liver Disease
Statins act in the liver and are contraindicated in patients with active liver disease. As discussed in 2.3.1. Transaminase Elevations, statins raise hepatic transaminases in a doserelated manner. Therefore, there is a concern that statins might worsen hepatic function in patients with chronic liver disease. Early clinical trials generally excluded patients with known liver disease or with even mild elevations in LFTs, specifically transaminases (elevations above the ULN or >1.5 or 2 times the ULN), but some later trials included participants with transaminase elevations up to 4 times the ULN. Physicians remain concerned about the risks of statin therapy in patients with preexisting liver disease or elevated transaminases, and as a result, they could be reluctant to start statins in these patients, including those who are at significantly increased cardiovascular risk. 
Elevations in Transaminases
The safety of statins in patients with elevated transaminases was first evaluated in a retrospective cohort study, 306 which found a similar incidence of transaminase elevations at 6 months in statin-treated patients with and without elevated transaminases at baseline. Another retrospective cohort study compared LFT changes at 12 months in patients taking lovastatin who had LFTs above the ULN at baseline with those who did not, as well as with patients with elevated LFTs who were not taking statins. 307 Mild to moderate elevations in liver enzymes (up to 10 times baseline in those with elevated ALT or AST at baseline, and up to 10 times the ULN in patients with normal baseline transaminases) in patients taking lovastatin were significantly greater at 12 months in patients with elevated ALT or AST at baseline than in those with normal ALT and AST (6.6% versus 3%; P=0.03). However, there was no difference in severe elevations of transaminases, defined as ALT or AST >10 times baseline or >10 times the ULN. No patients met the criteria for Hy's rule, 137 defined as AST or ALT >3 times the ULN and bilirubin >2 times the ULN.
A post hoc analysis of the open-label IDEAL cardiovascular outcome trial assessed the change in ALT in subjects with elevated levels (above the ULN but <3 times the ULN) at baseline. In 558 and 523 subjects in the simvastatin 20 to 40 mg and atorvastatin 80 mg groups, respectively, with elevated baseline ALT, mean ALT did not increase during treatment but rather decreased from the baseline to the final visit. 119 The available data suggest that statin treatment of patients with elevated LFTs up to 3 times the ULN appears safe and does not lead to severe liver disease. There is limited information about the safety of statin therapy in people with persistent elevations in transaminases above 3 or 4 times the ULN, because long-term RCTs typically discontinued statin treatment in these participants.
Nonalcoholic Fatty Liver Disease/Nonalcoholic Steatohepatitis
Nonalcoholic fatty liver disease (NAFLD) extends from simple hepatic steatosis to nonalcoholic steatohepatitis when inflammation occurs, potentially leading to fibrosis and advanced liver disease in the form of cirrhosis and hepatocellular carcinoma. The prevalence of NAFLD is increasing because of its association with obesity, diabetes mellitus, and the metabolic syndrome. 308 The global prevalence of NAFLD is estimated to range from 6.3% to 33%, with a median of 20% in the general population. 309 Evaluation of 12 454 US adults with ultrasound data in the National Health and Nutritional Examination Survey III (1988) (1989) (1990) (1991) (1992) (1993) (1994) found a 19% prevalence of NAFLD. 310 Individuals with mild NAFLD in the form of hepatic steatosis typically have normal or modestly elevated transaminase levels. It is reasonable to assume that statin RCTs that recruited large numbers of patients with diabetes mellitus 130, 131, 311 must have included many participants with NAFLD.
In a double-blind RCT of 36 weeks' duration, which compared pravastatin 80 mg versus placebo in 326 patients with compensated chronic liver disease (64% with NAFLD and 23% with chronic hepatitis C), mean baseline ALT levels were 65.7 IU/L and 77.3 IU/L in the pravastatin 80 mg and placebo groups, respectively. 312 In most patients, ALT declined with pravastatin treatment. Also, there were no differences between the groups in the incidence of ALT elevations above 2 times the ULN. Postbaseline doubling of ALT did not differ between the pravastatin and placebo groups, including those with baseline ALT >3 times the ULN.
The effect of statins on liver histology in patients with NAFLD or nonalcoholic steatohepatitis has been evaluated in several small studies. A prospective uncontrolled study of rosuvastatin 10 mg/d for 12 months in 20 patients with biopsy-proven nonalcoholic steatohepatitis found improvement in liver histology and reduction in LFTs in 19 subjects. 313 A similar prospective, uncontrolled, open-label study reported improved liver histology after 12 months of atorvastatin therapy. 314 However, a small double-blind, placebo-controlled RCT evaluating simvastatin therapy in 16 patients (with 10 having repeat liver biopsy at 1 year) did not find improved liver histology or liver enzymes. 315 Overall, there is no clear evidence that statin therapy reduces progression of liver disease, and statins should not be used for this indication. Statins appear safe in people with NAFLD, however.
Hepatitis B and Hepatitis C
Similar to data in patients with NAFLD, there are a number of small, nonrandomized studies that suggest possible beneficial effects of statins on liver disease in patients with chronic viral hepatitis. For example, in a trial investigating peginterferon therapy in patients with chronic hepatitis C and advanced hepatic fibrosis, the small number of patients taking statins (29 users versus 514 nonusers) had a reduced risk of fibrosis progression (using the Ishak fibrosis score) compared with nonusers. 316 Statins are associated with a reduction in development of cirrhosis and hepatocellular carcinoma 317 and a reduction in decompensation and death 318 in patients with chronic hepatitis C. Furthermore, the addition of fluvastatin (versus no fluvastatin) to pegylated interferon-α and ribavirin in a clinical trial was associated with improved virological responses in certain hepatitis C virus genotypes. 58, [319] [320] [321] Given that hepatitis C infection is associated with increased risk of CVD, 322 use of statins in this population to reduce this risk is recommended.
There are limited data regarding the safety of statins in individuals with hepatitis B. In a registry database of patients with chronic hepatitis B in Taiwan, 6543 statin users were found to have a lower incidence of cirrhosis and decompensated cirrhosis compared with nonusers. 323 
Conclusions
Although concerns have been raised regarding the use of statins in patients with chronic liver disease, the data provided to date suggest that statins are safe to use and do not cause progression of liver disease in patients with NAFLD or chronic viral hepatitis C. On that basis, there is no need to avoid statin therapy in patients with stable chronic liver disease and normal or modestly elevated transaminases (up to 3 times the ULN). There are no reliable data showing that statins are safe in advanced or decompensated liver disease.
Human Immunodeficiency Virus
Since the late 1990s, patients with HIV infection have been successfully treated with active antiretroviral therapy (ART) consisting of various combinations of protease inhibitors (PIs), nucleoside reverse-transcriptase inhibitors, nonnucleoside reverse-transcriptase inhibitors, integrase strand transfer inhibitors, chemokine receptor-5 antagonists, and fusion inhibitors. Consequently, patients with HIV are living longer; however, they experience a higher risk of cardiovascular events, 324, 325 at least in part because of the high prevalence of dyslipidemia, which is generally treated with statins.
Statins are not perpetrators of interactions with any antiretroviral drug, but they can be victims. Several antiretroviral agents, particularly but not only PIs, interact with statins through pharmacokinetic mechanisms that increase plasma concentrations of statins or active metabolites, which increases the risk of myopathy, including rhabdomyolysis. As noted in 3. Drug-Drug Interactions, lovastatin and simvastatin are particularly vulnerable to drug interactions because of their extensive first-pass metabolism, mainly via CYP3A4. Many of the antiretroviral agents, especially the PIs, are inhibitors (or less commonly inducers) of the cytochrome P450 (CYP) enzyme system, particularly CYP3A4. All statins are substrates for the organic anion transporter proteins OATP1B1 or OATP1B3, and some are substrates for other transporters, including P-glycoprotein. 224, 326 As seen in online Appendix 3, Table III and Table IV , the PIs and pharmacokinetic boosters are inhibitors of CYP3A4, with the exception of tipranavir. All PIs with the exception of fosamprenavir are also inhibitors of OATP. As a general rule, if a patient is receiving a PI-based or a pharmacokinetic booster ART regimen, simvastatin and lovastatin should be avoided; atorvastatin, rosuvastatin, or pravastatin can be considered, but dosing adjustments might be needed depending on the ART regimen. 326 The nonnucleoside reverse-transcriptase inhibitors efavirenz, etravirine, and nevirapine are all inducers of CYP3A4, while efavirenz and etravirine inhibit CYP2C9, respectively; thus, the statin dose might need to be adjusted. No dose adjustments are needed for the nucleoside reverse-transcriptase inhibitors or chemokine receptor-5 antagonists. 326 Pitavastatin remains the only statin that does not exhibit significant interactions with ART and does not require dose adjustments, but it is also the only statin that is not yet available as a generic product and is therefore considerably more costly. In the INTREPID (HIV-Infected Patients and Treatment With Pitavastatin vs Pravastatin for Dyslipidemia) double-blind RCT, 327 pitavastatin 4 mg reduced LDL-C more than pravastatin 40 mg (at 12 weeks, 31.1% versus 20.9%; P<0.0001). A long-term cardiovascular outcome trial, REPRIEVE (Evaluating the Use of Pitavastatin to Reduce the Risk of Cardiovascular Disease in HIV-Infected Adults), which compares pitavastatin 4 mg versus placebo in adults with HIV on ART, is ongoing and should provide additional safety data for pitavastatin in this population. 328 On the basis of the current Department of Health and Human Services Panel on Antiretroviral Guidelines for Adults and Adolescents and the International Antiviral Society-USA, online Appendix 3, Table III and Table IV summarize the specific pharmacokinetic drug-drug interactions with ART and statins, as well as statin dosing recommendations. 
Conclusions
The safety of statins in adults with HIV depends on the potential for drug-drug interactions that increase exposure to the statin. Pitavastatin appears to have the lowest potential for interactions with ART. To ensure statin safety in patients with HIV, the specific statin and its dose should be selected with the aim of avoiding pharmacokinetic interactions with the antiretroviral medications that the patient is taking. Rather than changing the patient's ART regimen, the choice and dose of statin should be altered if necessary.
Transplantation
CVD is a major cause of death in cardiac, [329] [330] [331] renal, [332] [333] [334] [335] and liver 336 transplant recipients. Transplantation risk factors that contribute to CVD include the metabolic effects of medications, especially immunosuppressive agents that can lead to a more atherogenic lipoprotein pattern. [337] [338] [339] [340] [341] Consequently, statins are often given to reduce cardiovascular risk. They might also have immunosuppressive effects, 342-347 reducing the incidence of allograft rejection, 348, 349 but there are few data, and this is not an approved indication for any statin. Pharmacokinetic interactions between statins and transplantation-related therapies can, however, lead to elevated plasma concentrations of statins or their active metabolites. This increases the risk of myopathy, including rhabdomyolysis, as discussed in previous sections (2.1. Muscle and 3. Drug-Drug Interactions). The first reports of rhabdomyolysis caused by a statin were in cardiac transplantation patients, 28, 29 and the interaction of statins with cyclosporine was quickly appreciated, 30 although the underlying mechanisms were not understood for many years.
Transplant immunosuppressant regimens can include a calcineurin inhibitor (cyclosporine or tacrolimus), an antiproliferative agent (azathioprine or mycophenolate mofetil), and steroids. As an alternative to azathioprine or mycophenolate, a mammalian target of rapamycin inhibitor (mTOR inhibitor), such as sirolimus or everolimus, can be substituted. According to the FDA-approved prescribing information for these agents and for statins, only cyclosporine has clinically meaningful interactions with any statin. This was confirmed by a 2014 review. 224 Although tacrolimus, sirolimus, and everolimus are all substrates for CYP3A4 and OATP1B1, unlike cyclosporine they are not inhibitors at therapeutic doses, which for adults are a few milligrams daily compared with hundreds of milligrams for cyclosporine. They might, therefore, be victims of drug interactions, but not perpetrators. Cyclosporine can interact with statins via several mechanisms. This immunosuppressant is an inhibitor of CYP3A4 at therapeutic doses, and as previously noted, the statins that are CYP3A4 substrates include lovastatin, simvastatin, and atorvastatin. The prescribing information advises that atorvastatin, simvastatin, lovastatin, and pitavastatin should be avoided when patients are managed with cyclosporine. In addition to CYP3A4, cyclosporine inhibits statin efflux transport mechanisms, including P-glycoprotein and OATP1B1. The 3 remaining statins can be used with cyclosporine, but dose reductions are recommended: fluvastatin up to 20 mg/d; pravastatin up to 20 mg/d; and rosuvastatin up to 5 mg/d (Table 6 ).
Clinical Studies in Transplant Recipients
There is only 1 large statin RCT in patients with transplanted organs, ALERT (Assessment of Lescol in Renal Transplantation Trial). 58, 350 This trial investigated the cardiac and renal effects and the safety and tolerability of the immediate-release formulation of fluvastatin 40 to 80 mg/d compared with placebo in adult renal transplant recipients managed on cyclosporine, with a follow-up period of at least 5 years.
The safety population comprised 1045 patients randomized to the fluvastatin group and 1049 to the placebo group. There were no significant differences in rates of adverse events, including CK and ALT elevations, musculoskeletal symptoms, and infection, in those who received fluvastatin 40 and 80 mg compared with placebo. Similar numbers of patients in both groups were discontinued from study medication because of clinical or laboratory adverse events.
The open-label 2-year extension study of ALERT also investigated the safety of the extended-release (80 mg) form of fluvastatin compared with the immediate-release formulation or placebo. 350 All patients continued to receive cyclosporine immunosuppression. Of 2102 patients in the ALERT core study, 1787 were eligible for the extension study. Data on 1647 patients were analyzed. No significant differences were found with respect to the number of patients who discontinued the study medication, the number of adverse events, rates of infection or malignancy, or significant laboratory increases (either ALT or CK). Furthermore, no cases of rhabdomyolysis were reported. 350 Numerous smaller, mostly observational studies have evaluated the safety and tolerability of statins in adult transplant recipients. 348, [351] [352] [353] [354] [355] [356] [357] [358] [359] [360] [361] [362] [363] [364] [365] [366] Overall, the studies are consistent with the results of ALERT, indicating that statins have a good safety profile in solid organ transplant recipients, when used carefully in accordance with the prescribing information. Notably, many of these studies included patients treated with cyclosporine and lovastatin, simvastatin, or atorvastatin. There are also a small number of studies in pediatric transplant recipients, again indicating a good safety profile for statins in these patients. [367] [368] [369] 
Conclusions
There are pharmacokinetic interactions between cyclosporine and all statins. Pravastatin, fluvastatin, and rosuvastatin are recommended by the FDA for use in cyclosporine-treated patients, at reduced doses. Other transplant immunosuppressant agents have no important interactions with statins. One large, randomized, placebo-controlled trial of fluvastatin 40 and 80 mg/d in renal transplant recipients strongly suggests that reducing the dose of fluvastatin is not necessary in adults taking cyclosporine. Also, numerous smaller observational studies suggest that other statins have a good safety profile with cyclosporine in this population when used at reduced doses by experienced transplant practitioners.
Summary and Conclusions
Adverse Effects of Statins
Myopathy, defined as unexplained muscle pain or weakness accompanied by increases in CK above 10 times the ULN, is the hallmark adverse effect of statins, but it is rare, occurring in <1 in 1000 patients treated with maximum recommended doses, and with an even lower risk at lower doses. Rhabdomyolysis is a severe form of myopathy that occurs in ≈1 in 10 000 patients and can cause acute renal failure because of myoglobinuria. Prompt cessation of therapy usually reverses myopathy/rhabdomyolysis. Myopathy is specific to skeletal muscle, but after 30 years of investigation, the mechanism is still unknown. Raised plasma concentrations of statins or their active metabolites, which can result from a variety of interacting drugs, as well as variant alleles that reduce organic anion transporter activity, increase the risk of myopathy/rhabdomyolysis. Even rarer than rhabdomyolysis is an autoimmune myopathy that is variably reversible on stopping statin treatment and could require immunotherapy.
SAMS are commonly reported in observational studies, but data from meta-analyses of double-blind statin RCTs shows that if myalgia and other nonserious statin muscle symptoms are causally related to statin therapy, the incidence is very low, no greater than 1%. The best explanation for this large discrepancy is patient misattribution to statin treatment of the background muscle symptoms common in middle-aged and older people. This probably occurs because many patients expect harm from the statin (ie, the nocebo effect).
In meta-analyses of RCTs of up to 5 years' duration, moderate-intensity statin therapy increases the risk of newly diagnosed type 2 diabetes mellitus by ≈10%, and the increased risk is ≈20% with high-intensity statin therapy. This corresponds to an estimated annual rate of ≈0.2% in the general population, although this estimate is dependent on the risk of diabetes mellitus in the population. The risk appears to be restricted to patients who are otherwise at increased risk of developing diabetes mellitus. Statins also produce very small increases in HbA 1c (≈0.1%) in patients with diabetes mellitus. The mechanism is presently unknown. Severe liver toxicity is a very rare adverse effect of statins, estimated to occur in ≈1 in 100 000 people. Dose-dependent asymptomatic elevations in transaminases above 3 times the ULN are more common and occur in ≈1 in 100 people in clinical trials. These are usually transient and are typically not associated with signs or symptoms of liver disease.
The data underlying this analysis of adverse effects of statins are largely derived from RCTs. The exceptions are myopathy/rhabdomyolysis and severe liver toxicity, where in general the incidence is too low to be evaluated in clinical trials, but the population incidence of these adverse events without an identifiable cause is very low, such that observational data are useful. The cardiovascular benefits of statin therapy in patients for whom it is recommended by current guidelines greatly outweigh the risks ( Table 7 ). The absolute benefit of statin treatment for an individual patient is dependent on the patient's cardiovascular risk and the amount of LDL-C reduction during statin treatment. Our conclusions are in close agreement with a 2016 assessment of statin safety by a large multinational group of authors. 
Adverse Events Associated With Statins but Without Good Evidence for a Causal Relationship
SAMS are common but usually not causally related to a statin. A variety of other adverse events have also been associated with statin use, but evidence for causality is again very weak, if not lacking altogether. These include peripheral neuropathy, cognitive dysfunction, sleep disturbances, Alzheimer disease, and Parkinson disease. Similarly, there is no evidence that statins cause cancer, tendonitis or tendon rupture, proteinuria, or AKI (except possibly in the perioperative setting, but data are limited). Although cataract development was a concern when the first statin was approved in 1987, most trials have found that statins do not increase the risk of lens opacities or cataracts. Statins inhibit the rate-limiting step in the cholesterol biosynthesis pathway and could potentially reduce steroid hormone production, but clinically evident effects have not been identified. Small reductions, ≈10%, in plasma testosterone have been reported in some studies, but plasma testosterone is highly variable within and between individuals. The observed changes are small and, even if real, not clinically significant. Statins are not associated with hypogonadism and have no harmful effects on erectile function.
Demographic Considerations
RCTs reveal no particular hazard of statins in older adults, including those ≥75 years of age; however, because of the comorbidities and use of multiple medications in older people, statins should be prescribed cautiously. Statins are well tolerated in children with FH and do not alter growth or puberty. In East Asian populations, plasma concentrations of stains or their active metabolites tend to be greater, which leads to increased risk of adverse effects, especially myopathy/rhabdomyolysis, with higher doses. Therefore, lower doses should be considered in patients of East Asian descent.
Statins are contraindicated in pregnancy, largely because of early reproductive toxicology studies with lovastatin in rodents combined with a theoretical concern about the need of the developing fetus for cholesterol; however, prospective observational studies on fetal abnormalities after exposure of mothers to statins during pregnancy do not suggest any major hazards. A small risk of congenital abnormalities cannot be ruled out, but there is no evidence to support the termination of pregnancy in a patient who has been exposed to a statin during early gestation.
Specific Diseases
There is some RCT evidence that statins increase the risk of hemorrhagic stroke in patients with prior cerebrovascular disease, with an HR of ≈1.7, but the absolute risk is low. In patients with prior cerebrovascular disease, statins reduce the risk of total stroke (by reducing ischemic stroke) and MIs, which outweighs the potential increased risk of hemorrhagic stroke. In patients without a history of cerebrovascular disease, however, there is no detectable increase in the risk of hemorrhagic stroke.
There is no evidence that statins are harmful in patients with CKD, including those on dialysis, when appropriate doses are given; however, the lack of proof of cardiovascular benefit in patients with end-stage renal disease suggests that initiating statin treatment in these patients is generally not warranted. Limited data suggest that statins are safe to use in patients with NAFLD and nonalcoholic steatohepatitis and in patients with elevations in transaminases up to 3 times the ULN. Data on safety in people with more serious liver disease are insufficient, and statin treatment is generally discouraged.
In patients with HIV infection or hepatitis C, some antiviral therapies interact with some statins, raising plasma concentrations of statins or their active metabolites, which increases the risk of myopathy/rhabdomyolysis. Pitavastatin has the fewest interactions. The statin and its dose should be selected carefully to avoid pharmacokinetic drug interactions with the antiviral therapy chosen for the individual patient. Cyclosporine, commonly used in patients with organ transplants, also interacts with statins, although clinical trials show that some statins can be used safely in these patients at appropriate doses.
Overall Conclusions
Over 30 years of clinical investigation have shown that statins exhibit few serious adverse effects. Myopathy including rhabdomyolysis attributable to statin therapy occurs in <0.1% of treated patients. Nonserious muscle symptoms are commonly reported during statin treatment and interfere with treatment compliance, but overall, <1% of statin-treated patients have muscle symptoms of pharmacological origin. Severe liver toxicity is very rare, reported in ≈0.001% of patients. Statins modestly increase the risk of newly diagnosed diabetes mellitus in clinical trials of up to 5 years' duration. The HR in meta-analyses of clinical trials is ≈1.1 for moderatedose statin therapy and 1.2 for intensive statin therapy. The risk is largely confined to patients with multiple preexisting risk factors for diabetes mellitus. In a general patient population, the absolute risk of statin-induced newly diagnosed diabetes mellitus is ≈0.2% per year, although this estimate is dependent on population risk and will be greater in patients with pre-diabetes mellitus or clinical characteristics that are associated with higher risk of diabetes mellitus (eg, metabolic syndrome). Although the evidence is not conclusive, statins 
